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Parental care is a reproductive strategy that increases fitness of parents 3 
by having more surviving offspring. The evolution of parental care is closely 4 
linked to sexual selection, mating systems, and other life-history 5 
characteristics of an organism. However, parental care can be overlooked or 6 
assumed in taxa that are underrepresented in the literature. Consequently, there 7 
is a gap between observations and analyses, which limits our understanding of 8 
general and taxa-specific trends associated with parental care.  9 
I used in-situ observations and experiments to study the costs and 10 
benefits of parental behavior in a Southeast Asian treefrog, Chiromantis 11 
hansenae. Female frogs that attended egg clutches contributed to offspring 12 
survival primarily by preventing egg desiccation. Parental behavior was the 13 
main factor in determining offspring survival and was driven by harsh 14 
environmental conditions. Using a predatory katydid, I tested prediction of 15 
parental investment theories by observing anti-predator behavior of frogs. 16 
Defense against predators and ability to differentiate risk levels was sex-17 
specific and only present in female frogs caring for their eggs. Maternal 18 
defense was positively correlated with predation risks and was not influenced 19 
by offspring age. These results are contrary to existing theory, which suggests 20 
investment ought to be negatively correlated with parental predation risks and 21 
affected by offspring age. Finally, I examined hatching plasticity of eggs. 22 
When exposed to predation cues, both young and old eggs shortened their 23 
embryonic period by hatching early. Hatching time was not correlated with 24 
duration of maternal egg attendance. Rather, embryonic response to cues 25 
 vi 
 
depended on their developmental stage. Younger eggs, not yet capable of 1 
hatching, continued to develop after being exposed to predation cues, while 2 
older eggs hatched rapidly in response to predation of neighboring eggs.  3 
This is the first empirical, experimentally-driven, parental care 4 
research on a Southeast Asian amphibian. Results demonstrate behavioral 5 
adaptations by parents and offspring to reduce egg stage mortality. It supports 6 
overarching theories of parental care evolution, but provides unexpected 7 
trends of parental investment in relation to certain life-history characteristic 8 
and environmental factors. This study highlights the importance of examining 9 
parental care in underrepresented taxa and geographical regions, and the 10 
potential of using C. hansenae as a study system. These findings form a basis 11 
for further research on reproductive strategy comparison and hatching 12 
plasticity that will lead to improved understandings of decisions involved in 13 
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Latin abbreviation meaning 'compare with'. It is 
placed between the genus and species in binomial 
nomenclature to imply a specimen that is similar to 
the binomial species but require further 
investigation to be certain of its identification. 
  
GLM Generalized Linear Model 
  
IACUC Institutional Animal Care and Use Committee 
  
IUCN International Union for Conservation of Nature 
  
MANOVA Multivariate Analysis of Variance 
  
SE Standard Error 
  
SERS Sakaerat Environmental Research Station 
  









Amplectic pair   
 
Mating pair in clasping posture during 
which eggs are laid and fertilized.  
  
Anamniotic eggs 
Eggs that lacks an amnion (embryonic 
membrane), such as that of fishes and 
amphibians. Anamniotic eggs are typically 
aquatic and have permeable skins that allow 
diffusion of water and gases.   
  
Aquatic-breeding species Species that lay eggs in the water. 
  
Arboreal-breeding species Species that lay eggs above ground, usually in tree layers. 
  
Direct development Development without metamorphosis 
  
Direct-developing amphibian 
An amphibian with eggs that hatch directly 
into juvenile frogs, without having a free-
swimming tadpole stage.  
  
Egg attendance 
A type of parental behavior, in which 
parents remain with eggs at a fixed location 
after eggs are laid.  
  
Hatching competent  An egg that is capable of hatching.  
  
Oophagus  Egg-eating 
  
Parental behavior Any behavior by a parent 
  
Parental care Any behavior by a parent that increases fitness of offspring 
  
Parental investment 
Any investment by a parent that increases 
fitness of current offspring at the cost to the 
parent’s ability to invest in future offspring   
  
Residual reproductive value 
An organism’s future reproduction, 
represented by investment in growth and 












Fitness, reproduction, and parental care  4 
Reproduction is a process that lies at the heart of Darwin’s central 5 
theory of natural selection. Organisms that successfully reproduce increase 6 
their fitness by having more surviving offspring than those that do not. This 7 
fundamental life process involves complex interactions among many aspects 8 
of form and function (Lombardi 1998). Strategies to maximize reproductive 9 
output are extremely diverse. Organisms can be along a spectrum from r-10 
selected, with higher fecundities and shorter generation times, to K-selected, 11 
with fewer offspring and longer lifespans. They can be semelparous and invest 12 
all their effort into a single massive breeding event, such as many insects and 13 
some vertebrates like the gladiator frog and the pacific salmon (Kluge 1981, 14 
Ferguson et al. 1990). Or, on the other end of the spectrum, they can be 15 
iteroparous and have multiple breeding events throughout their life time, such 16 
as most vertebrates (Roff 1992, Stearns 1992).  17 
One of the key features of reproductive ecology is parental care. 18 
Investment in care of offspring is a way to insure or increase offspring 19 
survivorship, which is arguably one of the most important goals for any 20 
organism. In some cases, the ability or type of care provided can be a defining 21 
feature of an organism or entire taxon, such as in the case of mammals. The 22 
evolution of parental care is closely linked with that of sexual selection and 23 
mating systems (Kokko and Jennions 2008, 2012). Furthermore, parental care 24 
can have implications for sibling and parent-offspring relationships (Kilner 25 
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and Hinde 2012, Roulin and Dreiss 2012), phenotypic plasticity (Uller 2012), 1 
and various life-history characteristics (Alonso-Alvarez and Velando 2012, 2 
Klug et al. 2012). Therefore, studies of parental care can shed light on many 3 
aspects of animal behavior and evolutionary biology. 4 
 5 
Definition of parental care 6 
Broadly, any behavior by an individual that increases offspring 7 
survivorship can be considered parental care (Clutton-Brock 1991). Parental 8 
behaviors are extremely diverse and widespread. They can include behaviors 9 
before and after birth, from nest building to feeding or protecting of young. 10 
Parental care is present in mammals (Balshine 2012), birds (Ar and Yom-Tov 11 
1978), reptiles (Shine 1988), fishes (Baylis 1981), amphibians (Crump 1996), 12 
insects (Gilbert and Manica 2010), arachnids (Requena et al. 2009), mollusks 13 
(Adiyodi and Adiyodi 1989), annelids (Kutschera and Wirtz 2001), and other 14 
invertebrate species (Trumbo 2012).  15 
Due to the diversity of parental care, studies in different taxa have used 16 
a number of terms to describe various types of parental behavior, such as 17 
parental care, parental investment, parental expenditure, parental effort, and 18 
parental effect (Smiseth et al. 2012). Inconsistencies and discrepancies in the 19 
use of these terms affect the accuracy of behavioral descriptions and lead to 20 
confusions in cross-taxa syntheses of evolutionary trends (Smiseth et al. 2012). 21 
Although studies are starting to address this issue (see Royle et al. 2012), it is 22 
not uncommon to see the incorrect use of “parental care” when describing a 23 
new observation of a parent adjacent to its offspring without evidence of 24 
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increase in offspring survivorship as a result of a particular behavior (e.g., 1 
Bonato and Minelli 2002, Ubeda and Nunez 2006, Gururaja et al. 2014).   2 
To avoid this pitfall, in this dissertation I will follow the definitions by 3 
Smiseth et al. (2012). Specifically, I will use “parental behavior” to describe 4 
any behavior of a parent, “parental care” to describe parental behavior that 5 
benefits the offspring, and “parental investment” to describe parental care that 6 
comes at a cost to the parent’s ability to invest in future offspring (Trivers 7 
1972, Stearns 1992, Smiseth et al. 2012). Parental investment implies a fitness 8 
cost that a parent incurs from increasing the fitness of their offspring. Such 9 
investment can be costly for parents, resulting in reduction in body size, future 10 
fecundity, and survival until future breeding events (Maynard Smith 1977, 11 
Clutton-Brock 1991, Williams 1996, Thomson et al. 1998, Buzatto et al. 2007). 12 
Consequently, parents should optimize allocation of investment between care 13 
of current offspring and future offspring in order to maximize lifetime 14 
reproductive output (Davies et al. 2012). 15 
 16 
Evolution of parental care  17 
The evolution of parental care is thought to be favored when offspring 18 
are under high levels of predation (e.g., Kudo and Ishibashi 1996, Fukumori et 19 
al. 2009, Gilbert et al. 2010), have limited food resources (e.g., Wyatt 1986, 20 
Halffter et al. 1996, Herzner et al. 2011), inhabit harsh physical environments 21 
(e.g., Wynne-Edwards 1998, Tarutis et al. 2005, AlRashidi et al. 2011), or 22 
when species have adapted to a stable and structured habitat (Wilson 1975). 23 
Under these conditions, K-selection is thought to prevail over r-selection, 24 
leading to fewer offspring and higher investment per offspring (Wilson 1975). 25 
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Driven by these factors, pre-existing adult behaviors may have evolved into 1 
ancestral forms of parental care. For instance, anti-predator behavior by adults 2 
in species without parental care may have developed into simple attendance or 3 
protection of eggs (Tallamy 1984).  4 
Parental care has received increased interest in recent years through 5 
studies on its costs and benefits (While et al. 2009, Gilbert et al. 2010), its 6 
correlations with specific life-history characteristics (Summers et al. 2006, 7 
Brown et al. 2008, Klug and Bonsall 2010, Lehtonen and Kokko 2012), and 8 
ecological drivers leading to its evolution (Bickford 2004, Kokko and 9 
Jennions 2008, Brown et al. 2010, Klug and Bonsall 2010, Bonsall and Klug 10 
2011). Studies have revealed drivers of parental care in various taxa by 11 
examining threats to offspring when parents are removed (e.g., Melber and 12 
Schmidt 1975, Huang 2006, Vieira and Romero 2008, Requena et al. 2009, 13 
Huang and Chang 2011, Lehtinen et al. 2014) and behavioral plasticity of 14 
parents in response to factors that affect their lifetime reproductive output (e.g., 15 
Coleman et al. 1985, Magnhagen and Vestergaard 1991, Gravel and Cooke 16 
2009). In general, increase in parental care has been associated with larger 17 
clutch size (Wisenden et al. 2008, Low et al. 2012), older offspring (Rehling et 18 
al. 2012, Fernandez and Llambias 2013), older parents (Clark and Ydenberg 19 
1990, Kight et al. 2011), lower predation risks for parents (Gravel and Cooke 20 
2009, Ghalambor et al. 2013), and seasonality (Forester 1983, Kight et al. 21 




Gaps in current knowledge 1 
Despite the diversity and complexity of parental care, study of these 2 
behaviors and their relationship to various reproductive modes is still largely 3 
restricted to certain taxa or model species (Lombardi 1998, Smiseth et al. 4 
2012). In particular, studies are largely focused on higher vertebrates, such as 5 
mammals and birds, due to their availability for research or simply because 6 
they are better represented in the literature (Lombardi 1998). Though use of 7 
model organisms is informative and provides insight into specific mechanisms, 8 
the limited sample range can make it difficult to identify general trends 9 
(Lombardi 1998). Furthermore, parental care in these endothermic species is 10 
an integral part of their reproductive biology, as all mammals and most birds 11 
(with the exception of brood parasites) provide some form of food or warmth 12 
for their endothermic offspring (Clutton-Brock 1991). Consequently, the 13 
fitness costs of parental care in endothermic species are typically different 14 
from that of ectothermic species, such as lower vertebrates or invertebrates 15 
(Clutton-Brock 1991). Unfortunately, outside of these well-studied taxa, 16 
information on parental care is dependent upon incidental observations or 17 
anecdotal reports that lack the support of empirical evidence (Lehtinen et al. 18 
2014). Without quantification,  behaviors that benefit parents themselves, such 19 
as those that increase mating opportunities in Australian Pseudophryne frogs, 20 
can be incorrectly labeled as parental care (Woodruff 1977). As a result, 21 
fitness of parents might be assigned to their offspring, which can affect our 22 
understanding of general trends and lead to erroneous conclusions about 23 
parental care (Smiseth et al. 2012).      24 
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Aside from the lack of information from underrepresented taxa, 1 
contradicting trends are found even within relatively well-studied taxa. For 2 
instance, care for offspring increases with offspring age in cichlid fishes, 3 
seabirds, and stitchbirds (Lavery and Colgan 1991, Wisenden et al. 2008, Low 4 
et al. 2012, Svagelj et al. 2012), but decreases with offspring age in zebra 5 
finches, ground squirrels, and bank voles (Koskela et al. 2000, Swaisgood et al. 6 
2003, Rehling et al. 2012). While some theories suggest parental care should 7 
be positively correlated with offspring age, because older offspring represent 8 
larger past investment and have higher chances of survival (Trivers 1972, 9 
Clark and Ydenberg 1990, Coleman and Gross 1991, Ackerman and Eadie 10 
2003), others argue that younger offspring are more vulnerable and in need of 11 
parental investment (Dale et al. 1996, Koskela et al. 2000). Furthermore, the 12 
same factor can have opposite directional effects on parental care within taxa 13 
depending on environmental conditions in different geographical regions. For 14 
example, parental care is positively correlated with nest predation in songbirds 15 
in Australia and New Zealand, but negatively correlated with nest predation in 16 
songbirds in North and South America (Matysiokova et al. 2011, Ghalambor 17 
et al. 2013). These contradictory trends indicate correlates of parental care can 18 
be taxa-specific. Therefore, further studies are required to understand the 19 
trends and mechanisms associated with parental care in different taxa.  20 
These gaps in knowledge of parental care limit the explanatory power 21 
of existing theories. Building on current knowledge, it is now necessary for us 22 
to direct our efforts to novel species that have yet to be examined but can 23 
signify behavior and adaptations of large groups or taxa (Lombardi 1998). 24 
First, empirical studies in underrepresented species and regions are needed to 25 
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confirm offspring benefits as a result of parental behavior. Once benefits are 1 
established and behaviors confirmed as parental care, studies can then 2 
investigate function and mechanisms, quantify costs, and assess evolutionary 3 
drivers of parental care. These investigations will, in turn, lead to a better 4 
overall understanding of an organism’s reproductive ecology and life-history 5 
characteristics. 6 
 7 
Parental care research in amphibians  8 
Amphibians exhibit a remarkable diversity in reproductive ecologies 9 
(Duellman and Trueb 1994, Crump 1996, Wells 2007) and have the highest 10 
number of reproductive modes among all vertebrates (Pough et al. 2013). This 11 
diversity makes them particularly valuable as a study system for reproductive 12 
strategies and parental care (Smiseth et al. 2012). Currently, parental care has 13 
been documented in 17 out of 27 anuran families and is estimated to be 14 
present in ten percent of extant species (McDiarmid 1978; Crump 1996; 15 
Lehtinen & Nussbaum 2003). The majority of empirical studies on amphibian 16 
parental care focus on Neotropical species, most notably those in the poison 17 
dart frog family Dendrobatidae (e.g., Weygoldt 1987, Summers et al. 1999, 18 
Brown et al. 2010, Brown 2013, Ringler et al. 2013). Theories based on these 19 
studies have led to notable advancements in our understanding of the 20 
evolution of parental care and reproductive modes in amphibians. For example, 21 
the development and maintenance of amphibian parental care have been 22 
associated with terrestrial reproduction, larger egg size, and fewer offspring 23 
(Nussbaum and Schultz 1989, Summers et al. 2006, Brown et al. 2008, 24 
Gomez-Mestre et al. 2012). However, parental behaviors continue to be 25 
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reported in new species and regions (e.g., Brown and Iskandar 2000, Gunther 1 
2006, Sheridan and Ocock 2008, Gururaja et al. 2014), which have been 2 
overlooked by overall syntheses of parental care (e.g., Crump 1996). 3 
Moreover, parental behaviors, such as egg attendance, are sometimes assumed 4 
to increase offspring survivorship without empirical data to support these 5 
claims (Carreño and Harris 1998) and few studies have investigated how life-6 
history characteristics and environmental conditions affect the frequency, form, 7 
and function of parental care (Lehtinen et al. 2014).  8 
In Southeast Asia, in particular, very little is known about amphibian 9 
parental care. Of  over 700 species in the region (IUCN 2013) only a handful 10 
of species have been reported with post-zygotic parental behavior (Table 1.1, 11 
Inger and Voris 1988, Emerson 1992, Brown and Iskandar 2000, Sheridan and 12 
Ocock 2008). However, reports are often incidental observations or suspected 13 
behaviors based on site fidelity of adults, and misuse the term parental care to 14 
describe a parental behavior without further examination of its effect on 15 
offspring fitness. At present, there have been no experimental confirmations of 16 
parental care in Southeast Asian amphibians. Consequently, there is a need for 17 
empirical studies to confirm and quantify the effects of parental behaviors. 18 
Furthermore, studies in underrepresented species are needed to test existing 19 
theories of parental investment for ubiquity, as well as provide alternative and 20 
additional information that can be incorporated into future analyses.  21 
 22 
Study species  23 
My research focuses on the parental behavior in Chiromantis hansenae, 24 
a small arboreal-breeding treefrog found in northern Thailand and parts of 25 
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Cambodia (Fig. 1.1, Cochran 1927, Taylor 1962, Chan-Ard 2003, Aowphol et 1 
al. 2013). Studies were conducted at the Sakaerat Environmental Research 2 
Station (SERS) in Thailand (14⁰30' N, 101⁰55' E, elevation 250 to 762 m, 3 
mean annual rainfall 980 mm). SERS lays at the southeastern edge of the 4 
Khorat Plateau and consists of primarily dry evergreen and dry dipterocarp 5 
forests (Heyer 1973). The region is characterized by a tropical monsoon 6 
climate with a rainy season from April to October, during which temporary 7 
ponds are filled with water. A nocturnal species, C. hansenae can be found 8 
breeding in ponds during mid-late rainy season. Eggs are deposited in a 9 
hemispherical gelatinous mass attached to vegetation or other substrates 10 
overhanging water (Fig. 1.1). Embryonic period is typically five days, ending 11 
when clutches fall into the pond below and hatch.   12 
Chiromantis hansenae belongs to the treefrog family Rhacophoridae, 13 
which consists of close to 300 species in 10 genera that can be found in 14 
tropical Africa and throughout most of Asia (Frost et al. 2006). Rhacophorid 15 
species are known to exhibit diverse reproductive modes, including their 16 
choice in breeding site (from large ponds to tree holes), their clutch structure 17 
(from a single layer of relatively exposed eggs to gelatinous or foam masses 18 
containing many eggs), and even their stages of offspring development (from 19 
eggs that hatch into free-swimming tadpoles to eggs that are direct-developing 20 
and hatch as juvenile frogs) (Li et al. 2009). However, the majority of 21 
rhacophorid species do not have parental behavior (Li et al. 2009), with a few 22 
exceptions, such as C. hansenae and the bamboo-breeding species Kurixalus 23 
eiffengeri (Kam et al. 1996). Previous reports of C. hansenae indicated adults 24 
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exhibit egg attendance (Sheridan and Ocock 2008), which is one of the most 1 
basal and widespread forms of parental behavior (Smiseth et al. 2012).   2 
Chiromantis hansenae is of particular interest for parental care studies, 3 
not only because it is one of the few amphibian species within the 4 
Rhacophoridae family and within the Southeast Asian region reported with 5 
such behavior, but also because a number of its life-history characteristics are 6 
unusual for an amphibian species with parental behavior. For example, C. 7 
hansenae has relatively large egg clutches with small eggs, breeds at large 8 
ponds, and does not exhibit direct development. These characteristics are 9 
contrary to what is usually associated with amphibian parental care, such as 10 
small clutch size and large embryos (Nussbaum 1985, 1987, Summers et al. 11 
2006, Summers et al. 2007), breeding sites with small bodies of water (Brown 12 
et al. 2010), and having direct-developing eggs (McDiarmid 1978, Summers et 13 
al. 2007). In addition, previous observations suggest egg attendance is 14 
performed by females (Sheridan and Ocock 2008), whereas egg attendance is 15 
typically performed by males in non-direct developing anurans (Crump 1995). 16 
Together, these contradictions with existing theories and trends make C. 17 
hansenae an excellent model for examining parental behavior and testing 18 
theories of parental investment.  19 
 20 
Thesis objectives and chapter overviews 21 
In this dissertation, I present the first experimentally-driven study of 22 
parental care in a Southeast Asian amphibian. My research focuses on three 23 
main objectives: (1) to establish the adaptive significance of parental behavior 24 
in C. hansenae; (2) to assess the influence of environmental and life-history 25 
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factors on the level of parental investment; (3) to test effects of parental care 1 
and predation on offspring hatching behavior.      2 
In Chapter 2, I quantify the offspring benefits and establish the 3 
adaptive significance of parental behavior in C. hansenae. Field observations 4 
indicated a positive relationship between frequency of parental attendance and 5 
success of offspring survival to hatching. Furthermore, by conducting adult 6 
removal experiments, I establish maintenance of egg hydration as the main 7 
function of parental care in C. hansenae, thereby buffering offspring from the 8 
harshness of an arboreal breeding environment. Predation was the main source 9 
of clutch mortality in natural settings, despite observations of anti-predator 10 
behavior exhibited by female frogs during egg attendance. Finally, I confirm 11 
female frogs are the sole providers of parental care, which is a rare occurrence 12 
in non-direct-developing anurans. Results from this chapter provide the first 13 
experimental confirmation of parental care in a Southeast Asian amphibian 14 
and a basis for all subsequent research on parental care in C. hansenae. 15 
In light of field observations of anti-predator behavior in Chapter 2, I 16 
examine factors that influence the amount of parental investment in C. 17 
hansenae in Chapter 3. Anti-predator behavior in adult frogs was observed 18 
concurrently with predatory behavior of katydids, Hexacentrus cf. unicolor. 19 
Anti-predator behavior in C. hansenae was sex-specific and only exhibited by 20 
female frogs providing parental care to egg clutches. Contrary to predictions 21 
from theories on self-preservation of parents, parental investment in anti-22 
predator behavior was positively correlated with predation risks. Furthermore, 23 
offspring age did not affect parental behavior. I propose that increase 24 
investment in response to larger predators could be because katydids represent 25 
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greater mortality threats to frog eggs than to adult frogs. Furthermore, I 1 
suggest a number of explanations for the lack of offspring age effects, 2 
including observations showing older eggs are capable of hatching 3 
prematurely to escape katydid predation. Predatory behavior in katydids was 4 
driven by sex and maturity of katydids, with females and larger individuals 5 
exhibiting higher instances of predatory behavior. Results from this chapter 6 
provide unexpected trends in parental investment and investment in anti-7 
predator behavior in particular. They illustrate the need for further theoretical 8 
and empirical studies of the dynamics between predators and parents of their 9 
prey.  10 
Discoveries of premature hatching in Chapter 3 led to my research in 11 
Chapter 4, which tests the effects of predator disturbance and parental care on 12 
embryonic development. Eggs at two distinct points in development were 13 
subjected to predation cues. Both young and old eggs were able to respond to 14 
predation cues by accelerating their hatching time. I suggest mechanisms and 15 
ecological bases of cue transmission in both young and old eggs, including 16 
chemical and vibrational cues from neighboring eggs and reduction in physical 17 
integrity due to clutch predation. Hatching time was not directly affected by 18 
parental care, in terms of egg attendance time. However, since parental care 19 
serves to maintain egg hydration, it remains an essential part of embryonic 20 
development. Results from this chapter support the proposal that plasticity in 21 
hatching may be more phylogenetically and geographically widespread than 22 
currently documented by providing the first evidence of environmentally-cued 23 




Finally, I summarize the major contributions of my research to our 1 
understanding of parental care and consider future directions of research as 2 
suggested by my findings in the last chapter. Notably, my research highlights 3 
the importance of examining parental care in underrepresented taxa and 4 
geographical regions and serves as a valuable comparison to the recent and 5 
growing body of literature on amphibian parental care. Findings in C. 6 
hansenae provide the basis of examining the evolution of diverse reproductive 7 
strategies in rhacophorid treefrogs and the relation between parental care and 8 






Species Attendant Behavior  Distribution Reference  
     
Chiromantis hansenae Female Egg attendance Thailand, Cambodia (Sheridan and Ocock 2008) 
     
Limnonectes arathooni Male Egg attendance Indonesia (Sulawesi) (Brown and Iskandar 2000) 
     
Limnonectes blythii Male Egg attendance 
Indonesia,  Malaysia, 
Myanmar, Singapore, 
Thailand, Vietnam, Laos 
(Emerson 1992) 
     
Limnonectes finchi Male Egg attendance Tadpole transport Malaysia (Sabah) (Inger and Voris 1988) 
     
Limnonectes palavanensis Male Egg attendance Tadpole transport 
Indonesia (Kalimantan), 
Malaysia (Sabah and 
Sarawak) 
(Inger and Voris 1988) 
     
 
Table 1.1 List of Southeast Asia amphibian species with post-zygotic parental behavior. 






ADAPTIVE SIGNIFICANCE OF EGG ATTENDANCE1 
 
Abstract 
The arboreal frog, Chiromantis hansenae, is one of only a handful of 
Southeast Asian amphibian species reported with potential parental care 
behavior. I present the first systematic observational and experimental study 
confirming offspring benefits as a result of this behavior. Care of offspring in 
this species is associated with a number of unusual life-history characteristics. 
Eggs are unusually small, breeding takes place in large pools, and females 
attend the eggs. Field observations and an adult removal experiment 
demonstrated a critical contribution of egg attendance to offspring survival. 
Harsh environmental conditions for offspring appeared to be the primary 
driver of parental care in this species, with desiccation as the main source of 
mortality when attending adults were absent. Results confirm females to be the 
care-givers, making C. hansenae a rare case of maternal egg attendance in a 
non-directly developing anuran. 
  
                                                            
1 This chapter was published as: Poo, S. and D. P. Bickford. 2013. The adaptive significance 




Parental care is behavior of a parent that increases survivorship of its 
offspring (reviewed in Clutton-Brock 1991). Wilson (1975) categorized 
environmental and ecological characteristics that drive evolution of parental 
care into four "prime movers": (1) high levels of predation, (2) limited or rare 
food supplies, (3) unusually harsh environmental conditions, and (4) a stable 
and structured habitat. Aside from the more abstract notion of a structured 
habitat, each prime mover has been identified as a factor in the evolution of 
parental care in various taxa. For example, predation pressure triggers increase 
territorial defense in cardinal fish (Fukumori et al. 2009), nest protection in 
assassin bugs (Gilbert et al. 2010), and anti-predator behavior in skinks 
(Huang and Wang 2009); limited food supply leads to brood ball protection in 
dung beetles (Halffter et al. 1996) and antimicrobial secretions to cover brood 
cells in digger wasps (Herzner et al. 2011); and harsh environmental condition 
drives nest shading behavior in shorebirds (AlRashidi et al. 2011), 
thermoregulatory care in dwarf hamsters (Wynne-Edwards 1998), and 
ventilation of brood pouches in amphipods (Tarutis et al. 2005). 
Amphibians have remarkable diversity in reproductive ecologies 
(Duellman and Trueb 1994) and exhibit a wide array of parental behaviors 
(Crump 1996), providing an excellent model system for investigating its costs 
and benefits, life-history trade-offs, and evolutionary drivers. Of Wilson's four 
prime movers, predation pressure has been shown to have a stronger impact on 
parental care in terrestrial-breeding species (Bickford 2004), while harshness 
of environment appears to be the most important prime mover for arboreal-
breeding species (McDiarmid 1978, Bickford 2004, Delia et al. 2013). In other 
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cases, limited food supply for tadpoles has been associated with trophic 
feeding, in which adults purposefully deposit unfertilized eggs as food source 
to sustain tadpole survival (Kam et al. 1996, Jungfer and Weygoldt 1999, 
Poelman and Dicke 2007).  
Eight different modes of parental behavior are generally recognized in 
amphibians, including egg attendance, egg transport, egg brooding, tadpole 
attendance, tadpole transport, tadpole brooding, tadpole feeding, and froglet 
transport. Egg attendance, whereby a parent remains with the egg mass at a 
fixed location, represents by far the most common mode of amphibian parental 
behavior (Wells 1981, Crump 1996, Wells 2007). By investing in egg 
attendance, amphibians can increase offspring survivorship by reducing or 
preventing developmental abnormalities (Forester 1979, Simon 1983), 
predation (Forester 1979, Kluge 1981, Townsend et al. 1984, Juncá 1996, 
Bickford 2004, Vockenhuber et al. 2009), and desiccation (Weygoldt 1980, 
Forester 1984, Taigen et al. 1984, Bickford 2004, Delia et al. 2013). In 
addition, it has been suggested that adults may reduce fungal infection of eggs 
during attendance (Salthe and Mecham 1974, Simon 1983, Green 1999). In 
particular, parental care in amphibians has been associated with five life-
history characteristics: direct development (McDiarmid 1978, Summers et al. 
2007), small clutch size and large eggs (Nussbaum 1985, 1987, Summers et al. 
2006, Summers et al. 2007), lotic breeding habitats (Nussbaum 1985), and 
breeding sites with small water bodies (Brown et al. 2010). Chiromantis 
hansenae, however, presents an unusual case which deviates from the 
aforementioned patterns of life history and parental care. For example, C. 
hansenae, has a relatively large clutch size (n= 150–250 eggs) and small eggs 
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(1–2 mm egg capsule diameter) compared to other anurans with parental care 
(see Summers et al. 2007). It is not a terrestrial or direct-developing species 
and instead lays arboreal clutches overhanging lentic pools. In addition to 
these peculiar life-history characteristics, a previous report of C. hansenae 
suggests egg attendance could be performed by females (Sheridan and Ocock 
2008), which, if proven, would be a rare case among anurans without direct 
development, where the majority of egg attendance is performed by males 
(Crump 1996, Wells 2007). If so, C. hansenae would provide grounds for 
comparisons on the ecological and evolutionary significance of maternal 
versus paternal care and the costs and benefits for each sex.  
The importance of gaining a better understanding of outlier species, 
such as C. hansenae, is exemplified by the fact that, thus far, the majority of 
research on amphibian parental care has occurred in the Neotropics, sub-
Saharan Africa, and Melanesia (Crump 1995, 1996, Wells 2007). In 
comparison, the situation in Southeast Asia is poorly known, with only a few 
species reported with potential parental care (Table 1.1, Inger and Voris 1988, 
Emerson 1996, Brown and Iskandar 2000, Sheridan and Ocock 2008). 
Moreover, these reports lack data quantifying and confirming offspring benefit 
as a result of parental behavior. Assumed parental care may come from 
incidental observations of adult behaviors aimed at increasing mating 
opportunities rather than offspring survivorship (Woodruff 1977, Simmons 
and Parker 1989), making the gap between observations and analyses of costs 
and benefits one of the critical weaknesses in the study of parental care in 
amphibians (Crump 1996). These few Southeast Asian species with parental 
behavior represent an opportunity to test theories developed from observations 
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in other regions for ubiquity, as well as provide alternative and additional 
information that can be incorporated into future analyses to enhance our 
understanding of the evolution of such behaviors in general.    
Herein I examine the function and importance of egg attendance in C. 
hansenae as it relates to offspring survivorship via observation of (1) egg 
attendance behavior and egg mortality in undisturbed clutches, (2) egg 
mortality in paired adult removal experiments, and (3) sex of the care-giver. 
Through field observations and experimental manipulations of egg attendance, 
I determine whether parental behavior provides any direct benefits to offspring, 
consider the causes of offspring mortality in the absence of such behavior, and 
suggest factors that may be driving its evolution. 
 
Methods 
This study was conducted from July to October of 2011 and 2012. 
Field observations and adult removal experiments were conducted in seasonal 
ponds within the dry evergreen forest in 2011, while laboratory observations 
of mating pairs were conducted in an open air shed roughly two kilometers 
away from the ponds in 2012. 
 
Part 1: Natural egg attendance observations 
I conducted initial observations of new egg clutches between 0300 and 
0600 hr to ensure that clutches were located immediately after they were laid, 
the majority of which occurs between 2100 and 0300 hr. I conducted 
subsequent observations of clutches 4 times a day, at 6 hour intervals, until all 
eggs had hatched, died, or disappeared.  
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I recorded microhabitat characteristics, including distance between 
clutch and surface of pond when laid (hereafter "clutch height") and type of 
material clutches were attached to (hereafter "breeding substrate"). I assessed 
offspring survivorship by presence or absence of egg mortality, which was 
used instead of counting the number of dead eggs to minimize human 
disturbance of attending adults and egg clutches. I determined mortality cause 
by examining the remainder of the clutch. Causes included predation, 
submergence, desiccation, and lack of development, where eggs were either 
unfertilized or failed to develop. I quantified parental behavior by percent of 
time adult was present with egg clutches during all observations for a given 
clutch. To control for abiotic factors, I recorded temperature and relative 
humidity using Onset HOBO® Pro v2 data loggers. In addition, I obtained 
daily rainfall from SERS weather stations records.  
 
Part 2: Adult removal experiments 
I conducted adult removal experiments to verify benefits of parental 
behavior to offspring survivorship and to identify causes of offspring mortality. 
Adult removal experiments have been conducted in various taxa (e.g., Melber 
and Schmidt 1975, Forester 1984, Vieira and Romero 2008, Requena et al. 
2009, Huang and Chang 2011, Lehtinen et al. 2014) and provide a simple 
method of establishing the adaptive value of egg attendance (Smiseth et al. 
2012). I paired experimental clutches, which had attending adults removed, 
with control clutches to minimize possible variations in embryonic 
development resulting from microhabitat and weather differences; pairs were 
made based on location (< 100 m apart in oviposition site and < 30 cm apart in 
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clutch height) and time (< 24 hours apart in oviposition initiation). All 
clutches were attached to emergent vegetation to control for effects of 
breeding substrate. Data collection on microhabitat, offspring survivorship, 
and climate conditions followed that of natural observations, and all clutches 
were checked at 6 hour intervals until they hatched or died. Removed adults 
were kept in aquaria (25 x 40 x 25 cm) in the laboratory. Aquaria contained 
rocks, plants, and were filled with 2 cm level of aged tap water to simulate 
pond habitats following Institutional Animal Care and Use Committee 
(IACUC) approved protocol (B11/12). All frogs were returned to original 
location immediately after clutch observations concluded.  
 
Part 3: Sex of care-giver 
I determined sex of care-giving adult by observing males and gravid 
females collected from the field and paired in aquaria, which were set up as 
described above. I identified females in amplectic (mating) pairs by the 
presence of eggs seen through the abdominal membrane. I measured snout-
vent length (SVL) of adults to establish a baseline for male and female size. 
Once eggs hatched and observations of parental behavior concluded, tadpoles 
and adults were returned to their original locations.  
To confirm sex of attending adults in natural field settings, I measured 
SVL of all egg-attending frogs removed in adult removal experiments. In 
addition, I measured SVL of egg-attending frogs on clutches not included in 
natural observations to confirm their sex. Adults attending clutches in natural 
observations were not measured to minimize possible disturbance that could 




I analyzed in-situ offspring mortality using generalized linear models 
(GLM) with an underlying Bernoulli distribution and logit link function. The 
Bernoulli distribution is a particular case of the binomial distribution applied 
to presence absence data; in this case, the presence or absence of mortality in a 
given clutch. In a Bernoulli GLM, overdispersion cannot occur (McCullagh 
and Nelder 1989, Zuur et al. 2009). I tested effects of climate (temperature, 
relative humidity, and rainfall on day of oviposition), microhabitat (clutch 
height and breeding substrate), and parental behavior (percent frequency of 
attending adult present) in a single model. I analyzed offspring mortality in 
adult removal experiments using 2 x 2 Fisher's exact test, used for small 
sample sizes, with clutch treatment (experimental or control) and clutch fate 
(hatched or died). I tested similarities in clutch height, temperature, and 
relative humidity between control and experimental groups using multivariate 
analysis of variance (MANOVA). I tested difference in SVL of male and 
female frogs in amplectic pairs using Welch two-sample t-test. I performed all 




Field observations indicate males called from vegetation or other 
substrate overhanging water to attract females, who then carry males on their 
back to an oviposition site. After all eggs are laid and presumably fertilized, 
males left while females continued to secrete mucus to form a thicker layer of 
transparent gel covering the exposed surface of the entire clutch. Egg 
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attendance behavior consisted of females primarily in close contact to clutches, 
covering part or all of exposed clutch surface with the posterior part of their 
body and hind limbs. Occasionally, females would secrete liquid from their 
cloaca and extend their hind limbs posteriorly to glaze the substance over the 
clutch. In addition, females were observed in a few instances to be engaging in 
anti-predator behavior or to be resting on the side of the leaf or grass blade 
opposite to the egg mass. Egg attendance was observed at all stages of 
embryonic development. Though C. hansenae adults are nocturnal, females 
can remain with clutches during the day and maintain their position while 
resting. Attending females have, however, been observed to be absent from 
clutches during one observation and present for the next, indicating possible 
activities besides egg attendance during this period.  
 
Part 1: Increased offspring survival with increased care 
I observed a total of 126 clutches, with up to 22 observations per clutch 
and amounting to 1448 observations. Of the observed clutches, 62.7% 
experienced egg-stage mortality, with predation as the primary cause (30.2%). 
Clutch predators included katydids (H. cf. unicolor), ants (sp. unknown), 
spiders (Dolomedes sp.), and snakes (Xenochrophis piscator). Other cases of 
mortality were associated with submergence (16.7%), lack of development 
(7.1%), desiccation (5.6%), and unknown causes (3.2%). On average, adults 
were present during 63.4 ± 2.4 % of observations. GLM with all factors 
showed parental egg attendance behavior was the only significant factor in 
determining offspring survivorship (df = 1, p < 0.01, Fig. 2.1), confirming 
behavior of C. hansenae as a form of parental care. Furthermore, all clutches 
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where adults were never observed (0% parental attendance) died before eggs 
were able to hatch (N = 10). Clutch height was 40.8 ± 3.9 cm and not 
significantly correlated with clutch mortality (df = 1, p = 0.21). Breeding 
substrate was not correlated with clutch mortality (df = 3, p = 0.83), possibly 
due to the predominance of clutches on emergent vegetation (N = 106). In 
comparison, fewer clutches were observed on leaves or branches on trees (N = 
16) and only rarely seen on sides of rocks (N = 3) or a log (N = 1) overhanging 
water. Finally, temperature, relative humidity, and rainfall did not have an 
effect on clutch mortality (df = 1 for all, p = 0.21, 0.81, and 0.45, respectively).  
 
Part 2: Obligatory parental care 
I conducted twelve paired adult removal experiments. Survival was 
significantly higher in control clutches compared to experimental clutches 
with adults removed (Fig. 2.2), with 9 of 12 control clutches hatching 
successfully, whereas all 12 experimental clutches ended in mortality (Fisher’s 
exact test, N = 24, p < 0.01). Pairing of clutches ensured treatment groups did 
not differ in clutch height, temperature, and relative humidity (MANOVA, F 
3,20 = 0.92, p = 0.45, Wilk's Lambda with Type II sum of squares). Causes of 
clutch mortality in experimental clutches were desiccation (N = 8) and 
predation (N = 4). In control clutches mortality resulted from predation (N = 2) 
or instances where eggs were undeveloped (N = 1), however, no control clutch 
showed any sign of desiccation (Fig. 2.2). All eggs in experimental clutches 





Part 3: Maternal egg attendance 
Laboratory observations of amplectic pairs of C. hansenae (N = 54) 
indicated that females remained with clutches whereas males left once eggs 
were laid. Measurements of SVL show males were significantly smaller than 
females (21.1 ± 0.1 and 24.5 ± 0.1 mm, respectively, Welch two-sample t-test, 
t 101 = 23.24, p < 0.01). Male SVL typically did not exceed 23mm. As mature 
female SVL was larger than 23 mm, this measurement was used to identify 
individuals performing egg attendance in natural settings. All attending 
individuals from adult removal experimental clutches were confirmed to be 
female using SVL (N = 12, 24.9 ± 0.2 mm). Similarly, all additional adults 
attending clutches in the field examined were female (N = 20, 24.9 ± 0.2 mm). 
 
Discussion 
This study highlights harsh environment for offspring, one of Wilson’s 
prime movers, as the main driver of parental care in an arboreal frog. Both 
natural observations and adult removal experiments in the field confirmed 
benefits of parental care in C. hansenae, the former showing parental care as 
the main factor in determining offspring survivorship (Fig. 2.1) and the latter 
indicating egg attendance is obligatory in aiding offspring survival with its 
primary function being to prevent egg desiccation (Fig. 2.2). In comparison, 
high levels of egg predation in natural observations indicated that, though 
predation could be correlated with certain aspects of parental care and anti-
predator behavior in adult frogs, it is unlikely to be the primary driver of 
parental care in this species. Finally, observations confirmed previous 
suggestions of females as care-givers in C. hansenae (Sheridan and Ocock 
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2008), presenting a rare case of female egg attendance in an arboreal-breeding 
frog without direct development (see Wells 2007).  
 
Adaptive significance of parental care 
Moving towards more terrestrial breeding along an evolutionary 
trajectory of amphibians has led to diverse reproductive modes, whereby eggs 
are laid outside of aquatic environments (Duellman and Trueb 1994, Wake 
2003, Wells 2007). However, due to high membrane permeability of 
anamniotic amphibian eggs, one of the challenges of eggs laid in non-aquatic 
habitats is its increased susceptibility to desiccation (Touchon and Warkentin 
2008). Consequently, adaptations associated with terrestrial reproduction, 
including larger egg size, occurrences in wetter warmer regions, and parental 
care (Gomez-Mestre et al. 2012), may have evolved to reduce egg desiccation. 
Other adaptations, such as laying foam nests that can retain moisture and using 
leaves to cover clutches thereby reducing surface area exposed, though not yet 
tested, may serve the same purpose. For some foam nesting rhacophorid 
species, the outer layer of foam can harden when environmental conditions are 
dry while the inside remains moist, allowing eggs to develop and hatch 
(Wager 1965, Seymour and Loveridge 1994). As opposed to C. hansenae, 
congeneric species in the region, such as C. nongkhorensis and C. doriae, do 
not exhibit parental care and lay foam nests instead of gelatinous clutches. 
Unfortunately, as with most Southeast Asian species, phylogenetic data is not 
available for C. hansenae and most congeneric species. However, 
Rhacophoridae phylogeny by Li et al. (2009) suggested species in the genus 
Chiromantis that lay gelatinous clutch are a sister clade to foam nesting 
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species. Contrary to foam nests, the lack of physiological or morphological 
adaptations to water loss in C. hansenae clutches may be correlated with 
behavioral changes in adults (i.e. the appearance of egg attendance). Of course, 
there can be a number of factors contributing to the division between parental 
care for gelatinous clutches of C. hansenae and no parental care for foam nests 
of C. nongkhorensis and C. doriae; however, preventing water loss seems to 
be one logical explanation. This is suggested by results in adult removal 
experiments showing high levels of egg desiccation in the absence of 
attending adults, whereas control clutches were buffered from this source of 
mortality (Fig. 2.2), supporting Wilson’s (1975) hypothesis that harsh 
environments can be a driver of parental care.  
Prevention of water loss has been cited as a major function of egg 
attendance in amphibians and it has been suggested that adults may (1) reduce 
surface exposure and thus evaporation in eggs (Forester 1984), (2) move water 
osmotically from their ventral integument to eggs (Taigen et al. 1984, 
Bickford 2004), (3) bring water to eggs by repeatedly soaking themselves in 
water and placing their bodies over clutches (Ueda 1986, Cheng and Kam 
2010), and (4) actively release internal fluids over eggs to increase hydration 
(Weygoldt 1980, 1987, Bourne 1998). Observations of C. hansenae indicate it 
may be using a combination of these methods, including reducing surface 
exposure by physically covering the clutch and secreting liquids to maintain or 
increase hydration of eggs. As suggested in Wilson’s harsh environmental 
conditions for offspring, presence of parental care in C. hansenae mainly 
functions to protect gelatinous egg clutches from desiccation. Alternatively, 
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closely related species, which lay foam nests that provide more nourishing 
microenvironments for anamniotic eggs, lack this behavioral adaptation.  
 
Maternal egg attendance 
One important aspect that distinguishes egg attendance in C. hansenae 
from previous findings is the sex of adults providing care.  For ectothermic 
species with external fertilization, such as C. hansenae, parental care is often 
provided by males (Clutton-Brock 1991). Paternal care is thought to be the 
typical primitive form of parental care in other anurans (Brown et al. 2010) 
and reports of male egg attendance far outweigh female egg attendance in 
species without direct development (see Wells 2007). Unlike the majority of 
known examples, however, females of C. hansenae are the ones providing egg 
attendance. Although certain costs, such as increased adult exposure to 
predators (e.g., McDiarmid 1978, Reguera and Gomendio 1999, Burris 2011) 
can be present for both sexes, others may be more sex-specific. For species 
that exhibit paternal egg attendance, males can care for multiple broods 
(Taigen et al. 1984, Wootton 1984, Juncá 1996, Burrowes 2000, Manica and 
Johnstone 2004, Delia et al. 2013), seek additional mating opportunities 
(Juncá 1996, Cheng and Kam 2010, Delia et al. 2013), or even increase their 
attractiveness to potential mates by exhibiting brood care (Knapp and Sargent 
1989, Forsgren et al. 1996, Forsgren 1997, Reynolds and Jones 1999, 
Reynolds et al. 2002, Nazareth and Machado 2010, but see Gomendio et al. 
2008). As opposed to paternal care, maternal care may directly reduce future 
reproductive output of females via reduction in mating opportunities and 
resource acquisition. Since there are no previous studies on female egg 
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attendance similar to C. hansenae, I can only hypothesize on costs to females 
by comparisons with other species. Females in C. hansenae only care for one 
clutch at a time, therefore cannot increase reproductive output via additional 
mating during care. As attendance period is relatively short in C. hansenae, 
however, reduced mating opportunities may be less of a cost for females 
compared to limits on their ability to produce gametes. Whereas male 
reproductive success is limited by mating opportunities, female reproductive 
success is dependent on gamete production (Trivers 1972), which is directly 
related to body size (Gross and Sargent 1985) and would presumably be 
negatively affected by investment in parental care. In anurans with direct 
development and prolonged periods or high frequency of egg attendance, 
adults can lose a significant fraction of their body mass and abdominal fat 
bodies while attending their clutches (e.g. Cophixalus parkeri 85 – 100 days, 
Eleutherodactylus coqui 20 days) (Simon 1983, Townsend 1986). Possible 
decrease in body mass in C. hansenae females, although potentially small 
considering its short embryonic period (typically 5 days), could still represent 
a substantial cost, since females do not forage while in attendance (pers. obs.). 
Of course, costs of egg attendance can vary greatly for either parent, both 
between and within species, depending on time and energy invested. To 
further complicate matters, even in cases where adults can care for multiple 
clutches, it is not necessarily correlated with increase in adult fitness (Cheng et 
al. 2013). On top of which individuals could be providing care to unrelated 
eggs (Chen et al. 2011). It is clear, however, in the case of C. hansenae that 
benefits of egg attendance exceed costs, as clutches are unable to develop 
without parental care provided by females. Since this is the first systematic 
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observation and experimental confirmation of parental care in C. hansenae, 
much of the costs associated with this behavior and its implications for the 
evolution of maternal versus paternal care require further investigation. For 
instance, anti-predator behavior against katydids could signify a substantial 
cost for females, as katydids present predation risks to both egg clutches and 
adult frogs. Nonetheless, my results quantify and demonstrate the importance 
of female egg attendance in C. hansenae and provide new grounds for 
comparisons, as it denotes a deviation in reproductive strategies from related 
species and present information on a species from a region that is 
underrepresented in our current knowledge of amphibian parental care.    
 
Conclusion 
This study confirms Wilson's theory of harsh offspring environment as 
a primary driving force for parental care in an arboreal frog. I highlight the 
critical role of parental care in C. hansenae in preventing egg desiccation and 
possible mechanisms of buffering environmental pressures for offspring. I 
present an experimentally confirmed case of female egg attendance in a non-
direct developing anuran, which has implications for its residual reproductive 
output and sexual selection. Finally, I point out potential areas of research that 
may lead to improved understandings of the evolution of parental care and 
decisions involved in parental behavior.  
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Figure 2.1. Fate of Chiromantis hansenae egg clutches in natural field 
observations. Parental care by female frogs (parental egg attendance) 
was significantly higher in egg clutches that hatched successfully (no 
egg mortality) compared to clutches that showed signs of offspring 


























Figure 2.2. Fate of Chiromantis hansenae egg clutches in adult removal 
experiment. All clutches in experimental group, with attending adults removed, 





DYNAMIC SWITCHING IN PREDATOR ATTACK AND 
ANTI-PREDATOR PARENTAL DEFENCE OF PREY2 
 
Abstract 
Predator and prey relationships are dynamic and interrelated. Thus, any 
offensive behavior will vary according to differing defensive behaviors, or 
vice versa, within each species in any predator-prey system. However, most 
studies are one-sided as they focus on just one behavior, either that of the 
predator or prey. Here, I examine both predatory behavior of an oophagus 
(egg-eating) katydid (Hexacentrus cf. unicolor) and anti-predator behavior by 
a frog with egg-stage parental care (Chiromantis hansenae). Katydid offensive 
behavior and predation success increased with predator maturity and size and 
was greater in females. Frog defensive behavior was sex-specific, likely 
because only mothers provide parental care. Defensive behavior could be 
active, such as charging predators, or passive, such as sheltering clutches, with 
greater active defense against larger predators. Further, maternal defense was 
not influenced by offspring age. These results are contrary to existing theory, 
which suggests parental investment ought to be negatively correlated with 
parental predation risks and affected by offspring age. This study highlights 
the use of anti-predator behavior to test predictions of parental investment 
theories in amphibians. In addition, it illustrates the need to consider factors 
                                                            
2 This chapter was submitted for publication as: Poo, S., T.A. Evans, M.K. Tan, and D.P. 
Bickford. Dynamic switching in predator attack and maternal defense of prey. 
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influencing both species concurrently when examining the complex interaction 
between predators and parents. 
 
Introduction 
Eggs are valuable prey.  They are relatively easy to subdue and provide 
an important source of nutrition (Denoel and Demars 2008). Oophagus species 
are found across many taxa (Burger 1980, Marshall et al. 1990, Estrada et al. 
2002, Coelho et al. 2006, de Queiroz and Rodriguez-Robles 2006, Koedam et 
al. 2007, Dapporto et al. 2010, Cerwenka et al. 2012). They can be obligatory 
egg-eaters depending entirely on eggs (Kam et al. 1996, Li et al. 2005) or 
opportunistic egg-eaters able to shift their diet depending on nutritional needs 
or availability of eggs (Ochi et al. 1999, Denoel and Demars 2008). Due to 
their desirability as a food source, eggs require defenses to lower their 
vulnerability to predation. Defense can come in many forms, including safety 
attained in numbers (a.k.a. selfish herd, overwhelming predators with 
abundance of eggs), morphological adaptations (having hard cases or rough 
surfaces) (Dumont et al. 2002), and additional investment by parents. Parents 
can alter oviposition behaviors in the presence of predators and essentially lay 
eggs away from predators (Lemos et al. 2010, Hirayama and Kasuya 2013, 
McKeon and Summers 2013), or engage in anti-predation defense while 
caring for offspring (Briggler and Puckette 2003, Vieira and Romero 2008, 
Gravel and Cooke 2009, Requena et al. 2009, Colombelli-Negrel et al. 2010). 
Defense of offspring, which comes at a cost to future reproduction, is correctly 
termed parental investment (Trivers 1972, Stearns 1992, Smiseth et al. 2012). 
Benefits of increased survival in current offspring can come at a cost to future 
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offspring production and parental self-preservation, since protecting offspring 
can lead to higher predation risks for parents (Curio and Regelmann 1985, 
McLean et al. 1986, Redondo 1989). Consequently, parents should vary 
investment in offspring relative to level of risk (i.e. probability of occurrence 
and severity of impact) in conjunction with other life-history characteristics 
that affect parental investment. For example, parents should decrease 
investment under high personal predation risks (Dassow et al. 2012, 
Ghalambor et al. 2013) to preserve future reproduction opportunities. 
Similarly, parents are generally expected to increase investment in older 
offspring (Trivers 1972, Winkler 1987) due to the additive benefits of larger 
past investment (Coleman and Gross 1991) or larger current benefits from 
more mature offspring which have higher survival chances (Ackerman and 
Eadie 2003). 
Though there are numerous studies on predatory and anti-predator 
behavior, the vast majority examine this relationship solely from perspective 
of either predator or prey. Studies examining both views, though rare (e.g., 
Christensen 1996, Wcislo and Schatz 2003, Uma and Weiss 2012), indicate 
the importance of concurrent information processing to fully understand these 
behavioral interactions. For example, predator presence can trigger avoidance 
behavior in prey and, in turn, counter-behavior by predators (Wcislo and 
Schatz 2003). Behavior of both predator and prey can be further affected by 
their respective life-history characteristics. For example, increase in prey size 
can be associated with a switch from avoidance to defensive behaviors in prey 
and a decrease in approaching behavior in predators (Uma and Weiss 2012). A 
comparable, but unexplored, interaction may exist between oophagus 
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predators and egg-caring parents. In this case, the relative costs and benefits 
for predators (e.g. the decision, timing, and effort of attack) and parents 
(similarly, the decision, timing, and effort of defense) creates a dynamic 
relationship that requires examination of behavior in both.   
The interaction between C. hansenae, an egg-caring treefrog, and H. cf. 
unicolor, a predatory katydid, provides an excellent opportunity to study 
predator-parent dynamics from both perspectives. Hexacentrus cf. unicolor is 
an omnivorous species that preys on frogs, frog eggs, and invertebrate species. 
Chiromantis hansenae females exhibit high levels of parental care that is 
essential to offspring survival, including maintaining hydration and preventing 
predation of egg clutches (Chapter 2, Poo and Bickford 2013). Predation is the 
primary source of offspring mortality and katydids were observed eating both 
frog eggs and adult frogs in the field (Chapter 2, Poo and Bickford 2013). 
However, female frogs attending and guarding egg clutches can actively and 
effectively defend them against predators (Fig. 3.1, Chapter 2, Poo and 
Bickford 2013). Predatory behavior by katydids in distinct life stages (adult 
and nymph) and obligatory parental care in these frogs allow us to examine 
not only effects of prey on predator distribution and behavior, but also effects 
of predation risk on level of parental investment in prey. Little is known about 
katydid abundance in response to transient food resources and ontogenetic diet 
shifts (Pearson et al. 2011). Similarly, although egg attendance is by far the 
most common and phylogenetically widespread form of parental care in 
amphibians (for review see Crump 1996, Lehtinen and Nussbaum 2003, Wells 
2007) and can reduce offspring predation (Juncá 1996, Vockenhuber et al. 
2008, Lehtinen et al. 2014), few empirical studies show parents adjusting their 
 39 
 
defensive behavior in response to predation risks or test relationships between 
parental defense and other factors that influence parental investment. This is 
particularly surprising since defense against predators is often assumed to be 
one of the primary functions of egg attendance (Forester 1979; Crump 1996). 
Consequently, high diversity in amphibian reproductive behavior (Duellman 
and Trueb 1994) and modes of parental care (Crump 1996) is juxtaposed with 
a paucity of studies examining fundamental assumptions in parental defense 
(but see Carreño and Harris 1998).   
Herein I record predatory behaviors by an oophagus katydid and anti-
predator behaviors by an egg-caring frog in a dynamic system. Specifically, I 
address the following questions: (1) do katydids respond to frog egg 
availability? (2) is katydid predatory behavior affected by its life-history 
characteristics? (3) do frogs respond to presence of predatory katydid? (4) is a 
frog’s anti-predator behavior correlated with their involvement in parental care? 




This study was conducted from July to October 2013. I conducted field 
observations at a seasonal pond within the dry evergreen forest and laboratory 
observations with frogs and katydids collected from ponds. For laboratory 
observations, frogs were housed in glass aquaria (40 x 20 x 25 cm) containing 
rocks, plants, and filled with 2 cm of aged tap water to simulate pond habitats. 
Aquaria had plastic mesh covers and a vertical mesh dividing the tank into two 
equal partitions. Only one side of each tank (20 x 20 x 25 cm) was used to be 
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consistent with experimental design in Chapter 4. Frogs and egg clutches were 
monitored twice daily and sprayed with rain water to provide hydration. 
Katydids were collected 24 to 48 hours prior to the experiment and starved to 
standardize and maximize predatory behavior when introduced into aquaria 
with frogs. Survey and experiments were conducted between 2000 and 0300 
hr, when both frogs and katydids are active. SVL was measured for frogs and 
body length and sex was recorded for katydids. All animals were returned to 
their original locations once laboratory observations concluded. Methods 
followed IACUC approved protocol (B11/12). 
 
Part 1: Field survey of katydid abundance and diet   
To investigated abundance and diet of H. cf. unicolor, I conducted 
visual encounter surveys in pond and forest habitats. I walked transects along 
pond edges (pond transects) and in forest trails more than 50 meters away 
from ponds (forest transects). Each transect was 20 m long, 1.5 m wide, and 2 
m above ground. I recorded the life stage (adult or nymph) and sex, and made 
feeding status observations (consuming animal material, plant material, or 
nothing) for each individual encountered. 
 
Part 2: Anti-predator behavior of guardian female frog  
To examine effects of predation risks and offspring age on parental 
investment, I made two hour focal observations of behavior of females 
guarding young (2 day old) or old (4 day old) egg clutches in response to the 
presence of a katydid adult or nymph. I placed one male and one gravid 
female C. hansenae into an aquarium. Frogs mated readily in aquaria and the 
 41 
 
majority of clutches were laid between 2100 and 0300 hr. Guardian female 
frog behavior was recorded each minute and categorized into: active defense, 
passive defense, and avoidance behavior. Active defense behaviors included: 
charge (leap towards or onto predator) and jerk (sharp, sudden spasmodic 
movement of body). Passive defense behaviors included: shield (positioning 
body over clutch and extending limbs to cover clutch) and puff up (enlarging 
of body size by filling lungs with air). Avoidance behavior included: retreat 
(leap away from predator in response to direct predator approach or predator 
heading towards the general direction of frog). Once observations concluded, 
katydids were removed from aquaria and returned to ponds. Frogs were 
allowed to remain in aquaria and continue caring for egg clutches until they 
hatched, after which all frogs and tadpoles were returned to ponds. 
 
Part 3: Anti-predator behavior of male frog  
To examine effects of predation risks on behavior of frogs without 
parental care, I made one hour focal observations of male frogs in response to 
the presence of a katydid adult or nymph. I placed a single male frog into an 
aquarium and allowed it to acclimate for 15 minutes prior to the introduction 
of katydid. Observations of anti-predator behaviors followed that of guardian 
female frogs, with the exception of shield, since males were not attending 
clutches. Once observations concluded, both frogs and katydids were removed 






Part 4: Predatory behavior of katydid  
To examine factors affecting predatory behavior, I observed katydids 
concurrently with observations of guardian female frogs (part 2) and male 
frogs (part 3). Focal observation of katydids followed the same methods for 
that of frogs. For katydids introduced to tanks with guardian female frogs and 
their egg clutches, the following behaviors were recorded: approach clutch 
(move directly towards egg clutch), predate clutch (consume part or entire egg 
clutch), and predate female (consume female frog). For katydids introduced to 
tanks with single male frogs, the following behaviors were recorded: approach 
male (move directly towards male frog) and predate male (consume male frog). 
 
Statistical analyses  
For field surveys (part 1), I compared abundance of katydids in pond 
and in forest transects using two-sample Wilcoxon test. I analyzed the 
relationship between katydid life stage and feeding status using 2 x 3 Fisher's 
exact test for small sample sizes, with katydid life stage (adult or nymph) and 
feeding status (consumption of animals, plants, or none). The same was done 
for the relationship between katydid sex and feeding status. For laboratory 
observations of frogs (part 2 and 3), I analyzed behaviors with GLM with 
underlying quasi-Poisson distribution, used for count data and corrected for 
over-dispersion. For guardian female frog behavior (part 2), I tested the 
explanatory variables: katydid life stage, offspring age, female frog SVL, and 
all interactions between the variables in a single model for each of the three 
behavioral categories (active defense, passive defense, and avoidance). 
Subsequently, I analyzed the same explanatory variables on each of the five 
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types of female behaviors (charge, jerk, shield, puff up, and retreat). Similarly 
for male frogs (part 3), I tested the explanatory variables: katydid life stage, 
male frog SVL, and their interactions for the three categories and four types of 
male behavior observed (charge, jerk, puff up, and retreat). For laboratory 
observations of katydids (part 4), I tested the explanatory variables: effect of 
katydid life stage, katydid body length, katydid sex, and all interactions in a 
single model with quasi-Poisson GLM for approaching behaviors (approach 
clutch and approach male frog) and with Bernoulli GLM for predatory 
behaviors (predate clutch, predate female frog, and predate male frog), as 
predation events were quantified as present or absent per treatment. I used 
stepwise model simplification for all GLMs and determined statistical 
significance using χ2 test for Bernoulli GLMs and F test for quasi-Poisson 
GLMs. I applied Holm-Bonferroni corrections to all p values to control for 
multiple behavioral comparisons (Holm 1979). I performed all statistical 
analyses in R (R Core Team 2013).  
 
Results 
Part 1: Katydid abundance and diet  
I conducted 16 visual encounter surveys (N = 8 for pond and forest 
transects each), with higher katydid abundances observed in pond transects 
compared to forest transects (3.50 ± 1.18 and 0.25 ± 0.16, respectively, two-
sample Wilcoxon test, p = 0.03). Katydid feeding was significantly different 
between life stages (Fisher’s Exact Test, N = 30, p < 0.01), with only adults 
observed consuming animal prey, while both adults and nymphs observed 
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consuming plants. Feeding was not significantly different between sexes 
(Fisher’s exact test, N = 24, p = 0.28).   
 
Part 2: Anti-predator behavior of guardian female frog   
I observed the behavior of 53 guardian female frogs. Of these, one frog 
escaped before SVL was measured. Predation of guardian female frog by 
katydid occurred in one treatment. This predation event occurred two minutes 
after katydid was introduced into the aquarium, therefore focal observations of 
frog and katydid behavior was not possible. These two data points were 
removed from further statistical analyses. Behavior of guardian female frogs 
was analyzed for 28 individuals in katydid adult treatment (N = 14 each, for 
those guarding young and old offspring) and 23 individuals in katydid nymph 
treatment (N = 11 and 12, respectively). Guardian female SVL was 25.2 ± 0.2 
mm. Active defense behavior was observed in 75% of guardian females (75% 
and 45% for charge and jerk, respectively). Guardian females showed higher 
instances of active defense behaviors towards katydid adults than towards 
nymphs (7.71 ± 1.28 and 2.91 ± 0.73, respectively, df = 1, p = 0.01, Fig. 3.2A). 
No effect was found for offspring age, female SVL, or any interactions, all of 
which were subsequently removed during model simplification. Passive 
defense behavior was observed in 61% of guardian females (49% and 41% for 
shield and puff up, respectively). For passive defense behaviors, model 
simplification led to the null model, with no effects of katydid life stage, 
offspring age, guardian female SVL, or their interaction (Fig. 3.2A). Similarly, 
avoidance behavior occurred in 25% of guardian females, but did not differ in 
relation to katydid life stage, offspring age, or guardian female SVL (Fig. 
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3.2A). For the individual types of active and passive defense behavior, only 
charge was significantly affected by explanatory factors (Fig. 3.2B), with 
guardian females charging towards katydid adults more frequently than 
towards nymphs (5.68 ± 0.96 and 2.35 ± 0.63, df =1, p = 0.046). Though 
females also exhibited more frequent jerk behavior towards katydid adults, the 
difference was not significant after Bonferroni-Holm correction (2.54 ± 0.67 
and 0.61 ± 0.26, for behavior towards katydid adults and nymphs, respectively, 
df =1, p = 0.07). Both types of active defense behaviors by guardian females 
can result in katydids moving away from clutches. 
Although there was no effect of egg age on guardian female behavior, 
there was an effect of egg age on egg behavior. Predator-induced early 
hatching by frog eggs occurred in 50% of older clutches predated during the 
two hour focal observations (N = 2 of 4), while no hatching was observed in 
younger clutches (N = 6).   
 
Part 3: Anti-predator behavior of male frog  
I observed the behavior of 31 male frogs in katydid adult and nymph 
treatments (N = 16 and 15, respectively). Male frog SVL was 21.8 ± 0.2 mm. 
No active or passive defense behavior was exhibited by males. Avoidance 
behavior was exhibited by the majority of males (61%), but was not 
significantly different in response to katydid life stages, male frog SVL, or 






Part 4: Predatory behavior of katydid  
I observed the behavior of 84 katydids (N=53 and 31 from part 2 and 3, 
respectively). Of these, one adult katydid escaped before morphological 
measurements were taken and was therefore removed from further analyses. 
Average body length of katydid adults and nymphs was 24.2 ± 0.4 and 15.6 ± 
0.5 mm, respectively (N = 45 and 38).  
For katydids placed in aquaria with guarding female frogs (part 2), all 
but one katydid adult exhibited approaching behavior towards egg clutch 
(96%), while 78% of nymphs approached clutches. Model simplification 
showed only katydid life stage had a significant effect on katydid approaching 
behavior towards egg clutches, with katydid adults approaching more often 
than nymphs (10.82 ± 2.29 and 5.13 ± 1.21, respectively, df =1, p = 0.04, Fig. 
3.3A). No effects were found for katydid body length, katydid sex, or 
interaction terms on approaching behavior. Katydid predation of egg clutches 
occurred in 19% of treatments (N = 10). Egg predation was positively 
correlated with katydid body length and more frequent in female katydids 
compared to males, with an interaction between katydid body length and 
katydid sex (df =1 for all, p = 0.17, 1.00, and 1.00 for katydid body length, 
katydid sex, and their interaction, respectively, Fig. 3.3B). Although 
explanatory variables in model were not significant, this was the minimal 
model after simplification. Predation of egg clutches was more frequent in 
katydid adults, however, difference between adults and nymphs was not 
significant (N = 7 and 3, respectively). Predation of guardian female frog 
occurred in only one treatment (by female katydid adult, see description in 
part 1 above) and therefore was not analyzed.  
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For katydids placed in aquaria with male frogs (part 3), a higher 
percentage of katydid adults approached frogs compared to nymphs (50% and 
33%, respectively), however, this difference was not significant. Moreover, no 
effects of katydid body length, katydid sex, or interaction terms on 
approaching behavior towards male frogs were found, leaving the null model 
after simplification. No instances of katydid predation was observationed.  
 
Discussion 
This study demonstrates a dynamic relationship between predatory 
behavior of an oophagus species and anti-predator parental care of an egg-
caring species. Specifically, I show that katydid abundance is higher in pond 
areas where frog eggs are available rather than in the forested area surrounding 
these ponds. I also show that predatory behavior differs between life stages of 
katydids, with higher instances of animal consumption by katydid adults. 
Katydid adults increased approaching behavior towards desirable prey (frog 
eggs) and successful predation was higher by larger, female katydids. Presence 
of anti-predator behavior and ability to differentiate between predation risks in 
frogs was sex-specific and depended on their role in providing parental care. 
Furthermore, level of parental investment was affected by predation risk to 
offspring, regardless of risk to parents or offspring age.   
 
Distribution, diet, and behavior of predatory katydids 
Katydid abundance was higher in pond areas where frog breeding 
occurs, which agrees with suggestions of increased density in response to 
availability or concentration of desirable food resources in other insects 
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(Eubanks and Denno 1999). In addition to frog and frog eggs, distribution of 
katydids could also be affected by availability of other prey resources near 
ponds, such as terrestrial invertebrates and emerging dragonfly nymphs. 
However, arboreal C. hansenae eggs may be a high quality resource that is 
relatively easy for katydids to obtain, as frog eggs lack inedible structures, 
such as exoskeletons of insects, which would increase energy needed for 
intake (Denoel and Demars 2008). Katydid adults were bolder in their 
approach towards egg clutches (Fig. 3.3A), even though both katydid adults 
and nymphs were able to successfully consume clutches despite defense 
efforts of guardian female frogs (Fig. 3.3B). Since clutch predation was only 
observed by katydid adults and larger (late instar) nymphs, there may be a 
gradual change from plant-based diet of nymphs to animal-based diet of adults, 
commensurate with increased nutritional needs. Similarly, nutritional needs 
could account for higher instances of egg predation in female katydids. Active 
regulation of nutrient intake by choice of food items in katydids has only been 
reported by one other study (Pearson et al. 2011) and very little is known 
about the relationship between age, sex, and the diet or predatory behavior of 
katydids. In omnivorous insects, change from plant-based diet to animal-based 
diet can be important in the survival of later instars (Eubanks and Denno 
1999), since nutrition provided by animal prey has been shown to be more 
beneficial compared to those provided by plants (Xu et al. 2013).  
Though similar trends of predatory behavior were observed for 
katydids placed with male frogs, the difference in approaching behavior was 
not significant and no predation event occurred. Higher mobility of male frogs 
and their avoidance of katydids could account for the lack of successful frog 
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predation, making frogs less desirable prey compared to egg clutches and 
again highlighting the relative value of egg clutches as a food source. 
Consequently, dietary needs by katydids combined with the relative value of 
prey items may be driving increased predatory behavior in larger katydids and 
subsequently anti-predator defense or avoidance behavior in frogs. As such, 
the effect of frog egg consumption on reproductive output of female katydids 
would be of further research interest.  
 
Anti-predator behavior in frogs 
Defense against predators was only exhibited by adult frogs during 
parental care. Guardian female frogs showed both active and passive defense 
against predators, while male frogs did not show any defensive behavior (Fig. 
3.2). In particular, guardian females showed higher levels of active defense 
when exposed to katydid adults, indicating behavioral plasticity in response to 
level of predation risk. Male frogs, on the other hand, did not differ in their 
behavior toward katydids of different life stages. This is perhaps because 
females are sole providers of parental care in this species and stay with egg 
clutches at a fixed location during attendance. Consequently, there may be a 
need for females to differentiate levels of risk and modify their responses to 
maximize offspring protection but at the same time minimize their own energy 
expenditure and mortality risks. Males, on the other hand, are not restricted to 
a single location and are thus able to reduce predation risk by moving away 
from approaching katydids. If the costs or energetical disadvantages of 
behavioral plasticity in response to risk level outweigh the reproductive 
benefits, male frogs may not have evolved the ability to differentiate risks or 
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modify their responses. In other words, the trade-off between gaining more 
information about predators and simply retreating regardless of predator type 
may have led to a “rule of thumb” reaction in male frogs, where individuals 
exhibit a constant cautious behavior towards all predators (Welton et al. 2003). 
A similar example can be seen in California ground squirrels (Spermophilus 
beecheyi), where females providing parental care are more sensitive to 
variations in risks posed by predatory snakes compared to non-caring females 
and males (Swaisgood et al. 2003). Likewise, studies in Italian wall lizards 
and funnel-web spiders indicate even within the same sex, reproductive status 
can influence anti-predator behavior exhibited by an individual (Downes and 
Bauwens 2002, Pruitt and Troupe 2010).   
 
Factors influencing investment in parental care 
During the period of parental care, guardian female frogs showed more 
active defense behavior towards katydid adults compared to nymphs, thereby 
increasing their investment in situations of higher risk both to themselves and 
their offspring. This is contrary to majority of studies showing decreased 
investment in care (Morosinotto et al. 2013), and specifically anti-predator 
behavior (Dassow et al. 2012, Ghalambor et al. 2013), by parents when 
exposed to higher predation risks. For instance, salamanders guarding eggs are 
more defensive towards smaller and less threatening intruders (Carreño and 
Harris 1998), which pose lower risks to parent survival (Hom et al. 1990). 
Accordingly, when parents are faced with predators up to twice their size and 
pose a direct threat to their survival, as in the case of C. hansenae, high 
predation risks should lead iteroparous parents to prioritize self-preservation 
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and ensure future reproduction. However, results indicated that guardian 
females actually invested more in anti-predator behavior against larger 
predators despite higher threat to their own survival.   
In contrast to taxa with relatively well-known anti-predator behavior, 
such as mammals, birds, and some fishes, there is little empirical data on 
factors that influence plasticity in anti-predator defense during parental care in 
amphibians. Despite the fact that defense against predators is often assumed to 
be one of the main functions of amphibian parental care (Forester 1979, 
Crump 1996), defensive behaviors by parents are rarely tested and supported 
by empirical data (Carreño and Harris 1998). I speculate that increases in 
parental investment observed in C. hansenae may be due to the fact that, 
although katydids pose a severe threat to guardian females, mortality of frogs 
due to katydid predation is relatively infrequent (< 2% of observations). 
Furthermore, the majority of active defense behavior by guardian females 
resulted in katydids moving away from frogs and their clutches. Therefore, 
high severity of outcome, in the form of frog mortality, may be mitigated by 
its low probability of occurrence, resulting in a low level of actual risk 
assessed by guardian females. Alternatively, since predation risk to frog eggs 
outweighs risk to adult frogs, katydids may be perceived as more of an 
offspring predator. In species that are able to differentiate predators of adults 
versus predators that only pose a threat to offspring, parents can exhibit 
stronger defensive behaviors in response to offspring predators as oppose to 
adult predators (Dale et al. 1996, Ellis-Felege et al. 2013). Accordingly, 
defensive behavior by guardian females could be driven by threat to offspring 
mortality, rather than threat to themselves.  
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Anti-predator behavior in C. hansenae during egg attendance was not 
affected by offspring age. Plasticity in parental investment in relation to 
offspring age is generally categorized into “offspring value hypothesis” and 
“offspring vulnerability hypothesis.” The former proposes that parents should 
invest more in older offspring (Trivers 1972, Winkler 1987, Clark and 
Ydenberg 1990), due to additive benefits of larger past investment (Coleman 
et al. 1985, Coleman and Gross 1991) or benefits of investing in more mature 
offspring that have a higher chance of survival (Ackerman and Eadie 2003). In 
contrast, “offspring vulnerability hypothesis” suggests parental investment 
should depend on need of offspring, which is greater when offspring are 
younger and more vulnerable (Dale et al. 1996, Koskela et al. 2000). 
Observations of C. hansenae, however, did not support either hypothesis as 
guardian females showed no difference in behavior when caring for young and 
old clutches. Similarly, a recent study in glassfrogs showed paternal egg 
attendance was not affected by offspring age (Lehtinen et al. 2014).   
While there is a plethora of studies supporting “offspring value 
hypothesis” by showing a positive correlation between parental investment 
and risk-taking behavior and offspring age (Andersson et al. 1980, 
Montgomerie and Weatherhead 1988, Magnhagen and Vestergaard 1991, 
Lavery 1995, Forester et al. 2005, Palleroni et al. 2005, Redmond et al. 2009, 
Svagelj et al. 2012), difference in past investment for older versus younger 
offspring might be negligible in C. hansenae. Due to their relatively short 
embryonic period, old and young eggs differ in age by only two days. 
Therefore, additional effort invested in older offspring might be too small to 
have a significant effect on future fecundity, and consequently parental 
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behavior, in guardian female frogs. Alternatively, benefits of investing in older 
offspring may be mitigated by a decrease in need for care by offspring as they 
mature, as proposed by “offspring vulnerability hypothesis”. For instance, 
investment in defensive behavior is higher for younger offspring in bank voles 
(Clethrionomys glareolus) (Koskela et al. 2000) and California ground 
squirrels (S. beecheyi) (Swaisgood et al. 2003), because older offspring are 
less vulnerable to predation risks. Changes in offspring vulnerability in C. 
hansenae are particularly interesting, since older (4 day old) eggs are capable 
of hatching prematurely in response to katydid predation, whereas younger (2 
day old) ones are not. Therefore, although guardian females might be inclined 
to care more for older eggs as proposed by “offspring value hypothesis”, 
effects might be countered by the ability of older eggs to escape katydid 
predation by hatching early. Whether or not parents are aware or able to 
integrate information of hatching competency of eggs into costs and benefits 
of their parental investment is an intriguing area worthy of more attention. 
While there is evidence of parental care influencing hatching plasticity of eggs 
(Warkentin 2011b, Delia et al. 2014), possible effects of hatching plasticity on 
chronological differences in parental care is as yet unknown.  
 
Conclusion 
This study demonstrates ontogenetic dietary shifts combined with 
relative values of prey items can influence predatory behavior in an 
omnivorous katydid. Results reveal effects of H. cf. unicolor life-history 
characteristics on their predatory behavior, and consequently parental behavior 
of prey. Findings provide evidence of sex-specific responses to predators, 
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suggesting ability to differentiate predation risk levels is present only in C. 
hansenae females due to their role in protecting and providing care for egg 
clutches. Though katydids are predators of both frogs and frog eggs, behavior 
of guardian female frogs appears to be driven primarily by threat to offspring. 
Offspring age, however, did not have an effect on parental investment in C. 
hansenae. Results from this study illustrate a need for further theoretical and 
empirical studies on dynamics between predators and parents and highlight the 
value of studies that consider factors influencing both species concurrently 
when examining an interspecies interaction.  
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Figure 3.1. Chiromantis hansenae female guarding her eggs (white clutch 
under female frog body) against a predatory Hexacentrus cf. unicolor adult.
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Figure 3.2. Behavior of Chiromantis hansenae in response to katydid predators 
(adults and nymphs).  Female frogs were guarding egg clutches, whereas male 
frogs were alone. Response was quantified into three categories (A) containing 
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Figure 3.3. Predatory behavior Hexacentrus cf. unicolor towards frog egg 
clutches. (A) Approaching behavior of katydid adults and nymphs. (B) Egg 
predation by male and female katydids. Number listed beside points 
represents the total number of individuals.  
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Hatching, the life-history switch-point between egg and larval or sub-
adult stages, has traditionally been regarded as a fixed event in an organism’s 
development. This notion has been challenged by reports of environmentally-
cued hatching in recent years, which show eggs improve fitness by hatching in 
response to mortality risks. Here, I present evidence of accelerated hatching 
due to predation cues at two points during embryonic development in 
Chiromantis hansenae. Young eggs (0 day old) exposed to simulated 
predation remained in egg clutches, but hatched earlier compared to 
undisturbed clutches. Old eggs (4 day old) subjected to direct katydid 
predation had more immediate responses, hatching <1 hour after predation on 
average. Hatching time was not correlated with parental care (duration of egg 
attendance), female frog size, or other predator cues. Results confirm predator-
cued hatching in a new family of amphibians (Rhacophoridae) and support 
hatching plasticity being a widespread and potentially ancestral condition. I 
suggest mechanisms and ecological basis of cue transmission and response in 
C. hansenae, and point out potential areas for further research.  
                                                            
3 This chapter was published as: Poo, S. and D.P. Bickford. 2014. Hatching plasticity in a 





For organisms with complex life cycles, transitions between life stages 
represent key events in development and often a significant niche change. 
Consequently, timing of transitions between life stages should be altered to 
maximize survivorship (Werner and Gilliam 1984, Werner 1986). The first 
transition for many organisms is hatching. The acceleration or delay of 
hatching time has been reported across diverse taxa (reviewed in Warkentin 
2011a, Armstrong et al. 2013). Eggs can respond to many types of 
environmental cues, such as predation, hypoxia, and dehydration, which can 
be accessed through different sensory modalities (Warkentin 2011a, b). Many 
studies suggest that hatching plasticity may be more common than previously 
known or assumed (Warkentin 2011a). If hatching is plastic, individuals may 
improve their survival in the current (egg) or next (larval or sub-adult) life 
stage by altering hatching time (Warkentin 2011a). For example, hatching can 
be a way for eggs, which are relatively immobile, to escape predation 
(Warkentin 1995, 2000, Saenz et al. 2003, Strathmann et al. 2010).  
Of the various cues eggs can respond to, those associated with 
predation may signify some of the most direct risks of mortality. For mature 
eggs that are capable of hatching (“hatching competent”) in a clutch that is 
being consumed by a predator, costs of hatching prematurely are clearly 
outweighed by imminent mortality. Changes in hatching time due to predation 
have been observed in several taxa, with different cues and response 
mechanisms. For example, gastropods and crustaceans can delay hatching in 
response to cues of larval predators (Blaustein 1997, Miner et al. 2010); 
arachnids and reptiles can accelerate hatching in response to cues from egg 
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predators (Li 2002, Doody 2011); and amphibians can accelerate or delay 
hatching depending on whether cues are from predators of eggs or larvae 
(Ireland et al. 2007).  
Cues can be differentiated by how they are transmitted and by duration 
of exposure. For example, eggs can respond to predators by detecting physical 
cues (Warkentin 1995, 2000) or chemical cues (Blaustein 1997, Chivers et al. 
2001, Li 2002, Capellán and Nicieza 2007, Ireland et al. 2007, Lehman and 
Campbell 2007). Moreover, eggs can respond to acute (Warkentin 1995, 2000, 
Strathmann et al. 2010) or chronic exposure to predator cues (Sih and Moore 
1993, Blaustein 1997, Chivers et al. 2001, Li 2002, Capellán and Nicieza 2007, 
Ireland et al. 2007, Lehman and Campbell 2007). In some cases, eggs may 
have a specific window of time when they can respond to predator cues 
(Lehman and Campbell 2007). Mechanisms of cue transmission and detection 
vary among organisms and are dependent on the egg environment. For 
example, different cues are available to aquatic compared to terrestrial or 
arboreal amphibian eggs. Ability of eggs to respond to different cues suggests 
complexity of plastic hatching responses, requiring different neurological and 
physiological mechanisms for both risk assessment and subsequent behavioral 
responses. Currently, predator-cued hatching has only been reported in 7 
families of amphibians (Warkentin 2011b). As the study of environmentally-
cued hatching is still a relatively new field, discovery of its existence in new 
taxa and geographic regions, assessment of cues, and examination of 
directional responses by eggs are necessary to form a basis for further 
investigations on its adaptive values and evolutionary trajectories.  
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Focusing on C. hansenae, a Southeast Asian rhacophorid frog, this 
study extends both the geographic and taxonomic evaluation of 
environmentally-cued hatching (but see incidental observation by Brown and 
Iskandar 2000). The primary cause of egg mortality in C. hansenae is 
predation and one of the most common egg predators is the katydid H. cf. 
unicolor (Fig. 4.1, Chapter 2 and 3, Poo and Bickford 2013). Eggs at all stages 
of development can experience katydid predation. However, while older eggs 
that have reached hatching competency have the potential to respond 
immediately to predator cues by hatching, younger eggs do not and continue 
to develop in partially predated clutches for a number of days (Chapter 3). 
Therefore, C. hansenae offers a chance to examine effects of both chronic and 
acute predator cues on hatching time by looking at predation on young and old 
eggs. Adding another dimension to factors that influence embryonic 
development, C. hansenae is a species with egg-stage parental care. Egg-stage 
parental care can be crucial not only for the survival, but also the development 
of eggs. In dusky salamanders (Desmognathus ochrophaeus) and nursery frogs 
(Cophixalus parkeri), for example, parental care of eggs is suspected to reduce 
developmental mortalities (Forester 1979, Simon 1983). Because of the close 
relationship between parents and offspring during egg attendance, parental 
care could have a considerable impact on hatching time of eggs. Thus far, this 
relationship has been largely unexplored. However, recent evidence in 
Neotropical glassfrogs (Hyalinobatrachium fleischmanni) indicates eggs 
hatched early in response to artificial reduction of paternal attendance (adult 
removal experiment) (Delia et al. 2014). Since attendance by females is 
essential for egg survival in C. hansenae (Chapter 2, Poo and Bickford 2013), 
 62 
 
study of hatching plasticity in this species also provides the opportunity to 
examine the relationship between parental care and environmentally-cued 
hatching.   
Herein I examine C. hansenae hatching in response to predation cues 
at two different developmental stages by conducting predator disturbance 
experiments on young and old eggs. I exposed young eggs to cues from 
simulated predation and a non-consumptive predator and old eggs to direct 
katydid predation. In addition, I assessed effects of parental care on hatching 
time by recording the duration of egg attendance. Experiments allowed me to 
examine responses to chronic and acute predator cues in relation to hatching 
plasticity. I predict that eggs exposed to predator cues will hatch early in both 
experiments. However, young and old eggs may have different mechanisms of 




This study was conducted from July to October 2012. I collected male 
and gravid female frogs from ponds and housed them in glass aquaria (40 x 20 
x 25 cm) with a plastic mesh cover and central mesh divider (Fig. 4.2). 
Aquaria contained rocks, plants, and were filled with 2 cm of aged tap water to 
simulate pond habitats. A pair of frogs was placed together on one side of the 
mesh divider (“clutch side”), while the other side was initially left empty 
(“non-clutch side”). Frogs mated readily in aquaria and the majority of 
clutches were laid between 2100 and 0300 hr. Aquaria were checked between 
0300 and 1000 hr each morning for new clutches. I monitored frogs and 
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clutches twice daily and sprayed with rain water to provide hydration. I setup 
time-lapse cameras (Brinno GardenWatchCam) to take photos at 10s intervals, 
starting when experimental manipulation for each treatment was initiated (see 
time below). I used time-lapse videos to obtain hatching time for all clutches. 
In addition, I used time-lapse videos in young egg experiment to quantify 
parental care by calculating percentage of time female frogs spent in direct 
physical contact with clutches. Katydid adults were collected from ponds 24 to 
48 hours prior to experiments and starved to standardize and maximize 
predatory behaviors. All animals were returned to their original location 
immediately after clutches hatched and experiments concluded. Methods 
followed IACUC approved protocol (B11/12). 
 
Part 1: Young egg experiments 
Experiments on young eggs started the morning egg clutches were laid, 
3 to 10 hours post oviposition (“HPO” hereafter, developmental stage = 
Gosner stage 14 or less; Gosner 1960). I assigned clutches to one of four 
treatments under a two-way factorial design, with or without simulated 
predation and non-consumptive predator cues (Fig. 4.2A). For simulated 
predation cue treatment, I used a pocket-knife to carefully bisect and remove 
half of the clutch in disturbed clutches, while control clutches were touched by 
the side of the blade without altering clutch structure or integrity of eggs. 
Removal of eggs in treatments is similar to katydid predation in natural 
settings. Field observations indicate katydid can consume part of a clutch, 
leaving some broken eggs along with remaining eggs that continue to develop 
under the care of adult frogs (Chapter 2, Poo and Bickford 2013). For non-
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consumptive predator cue treatment, I placed an adult katydid on the non-
clutch side of aquaria, while non-clutch side of controls was left empty. Mesh 
dividers prevented physical contact between predator and egg clutches, but 
allowed for visual, chemical, or other cues of predator to be transmitted. In 
addition to predator cue treatments, I assessed effects of parental care on 
embryonic development by measuring percent egg attendance time and 
measured female SVL to account for potential maternal effects. Finally, I 
defined hatching time as time when a clutch detached from its substrate and 
fell into water below, which is immediately prior to the emergence of 
hatchlings. 
   
Part 2: Old egg experiments  
Clutches for all treatments in old egg experiments were allowed to 
develop normally until the evening of the fourth day after clutches were laid, 
which is when experimental treatments were done (81 – 91 HPO, Gosner stage 
22 – 23; Fig. 4.2B). I assigned clutches to one of two treatments, with or 
without direct katydid predation. For direct katydid predation treatment, I 
placed an adult katydid on the clutch side of the aquaria and removed adult 
frogs. Removal of frogs was done to ensure katydids focused on consuming 
eggs instead of frogs and to prevent defensive behavior of frogs from 
interfering with katydid predation of eggs. These measures were taken based 
on field and laboratory observations of predatory behavior of katydids and 
anti-predator defense behaviors of frogs during egg attendance (Chapter 2 and 
3, Poo and Bickford 2013). For controls, I placed an adult katydid in the non-
clutch side, preventing physical contact between katydid and clutches. Frogs 
 65 
 
in control groups were allowed to remain with clutches, in order to minimize 
disturbance to the normal course of development and hatching of eggs. In 
addition, I measured female SVL to account for potential maternal effects. 
Since eggs that have reached hatching competency can hatch individually in 
response to predation, I defined hatching time as time when the first hatchling 
dropped out of the clutch.  
 
Statistical analyses     
I analyzed hatching time among treatment groups with GLM with 
underlying Gamma distribution and inverse link function. For young egg 
experiments, I examined effects of simulated predation, non-consumptive 
predator cues, interactions between treatments, parental care, and female frog 
SVL in the initial model. For old egg experiments, I examined effects of 
katydid predation and female frog SVL in the initial model. I used stepwise 
model simplification for all GLMs based on the Akaike Information Criterion 
(Akaike 1974). I preformed all statistical analyses in R (R Core Team 2013).  
 
Results 
Part 1: Effects of predator cue on young eggs 
I observed 47 clutches in young egg experiments (Fig. 4.2A; N = 13, 
10, 12, 12, for control clutches with and without predators and physically 
disturbed clutches with and without predators, respectively). Eggs in all 
experimental and control groups continued to develop in clutches for multiple 
days after the initiation of treatments. Simulated predation was the only 
significant factor correlated with hatching time (df = 1, p = 0.01, clutch size 
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reduced = 40.9 ± 1.7%, Table 4.1). Clutches in simulated predation treatment 
hatched earlier and had embryonic periods that were 7% shorter than controls 
(106.3 ± 2.2 and 114.1 ± 2.0 HPO, respectively, Fig. 4.3A). No effects were 
found for non-consumptive predator cues, its interaction with simulated 
predation, parental care, or female frog SVL in the final model. Female frogs 
were present attending egg clutches during 83.7 ± 1.4 % of the total 
observation time (84.2 ± 1.7 hours) and female frog SVL was 24.4 ± 0.1 mm. 
 
Part 2: Effects of predator cue on old eggs   
I observed 23 clutches in old egg experiments (Fig. 4.3A; N = 13 and 
10 for experimental and control clutches, respectively). Katydid predation of 
clutches and induced hatching of eggs were observed for all experimental 
clutches. Egg predation occurred 0.8 ± 0.4 hours after experiments began and 
eggs hatched 0.9 ± 0.5 hours after start of predation. Hatching time was earlier 
in predated clutches, which had embryonic periods that were 22% shorter, 
compared to controls (91.7 ± 0.5 and 117.0 ± 3.0 HPO, respectively, df = 1, p 
< 0.01, Fig. 4.3B, Table 4.2). Successful escape from predation by rapid 
hatching was observed in all cases after katydid predation had begun. 
Hatchlings emerged within one hour of initial predator contact in 77% of 
experimental clutches (N = 10). Multiple predation events were observed in 
46.2% of treatments (N = 6). In these cases, katydids left clutches after 
consuming part of clutch and returning for up to six times to continue 
predation until the last egg hatched (interval between predation events = 1.7 ± 
0.3 hours). For all clutches with only a single predation event (N = 7), 
hatching response was immediate and all eggs dropped into the water within 
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four minutes of initial predator contact. Since katydids did not pursue aquatic 
prey, subsequent predation events were not possible. No effects were found 
for female frog SVL (24.7 ± 0.2 mm).   
 
Discussion 
This study demonstrates both young and old C. hansenae eggs are able 
to hatch earlier when disturbed. Factors that affected hatching time were 
simulated and direct katydid predation in young and old eggs, respectively. 
Presence of a non-consumptive predator did not have an effect on hatching 
time. Furthermore, hatching time was not correlated with parental care or 
female frog SVL. These results provide the first experimental documentation 
of environmentally-cued hatching in Southeast Asia amphibians and the first 
for a species in the Rhacophoridae family. 
 
Accelerated hatching by younger eggs 
Simulated predation on eggs early in the embryonic period resulted in 
accelerated hatching, while no response to non-consumptive predator was 
found. Though the mechanisms of cue detection were not directly tested in this 
study, simulated predation treatment may have signified a change in 
embryonic environment through the release of chemical cues by broken eggs 
or reduction in integrity of clutch structure. Chemical cues are known to affect 
hatching time in amphibians. Aquatic amphibian eggs can accelerate hatching 
in response to cues from predators, injured conspecifics, and a combination of 
both (Chivers et al. 2001, Touchon et al. 2006, Capellán and Nicieza 2010, 
Ferrari and Chivers 2010). Embryonic environment of arboreal eggs, however, 
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can be vastly different from aquatic eggs. For instance, unlike arboreal eggs, 
aquatic eggs are continuously exposed to chemical cues in their surrounding 
environment. To my knowledge, response to chemical predation cues by 
terrestrial or arboreal amphibian eggs has not been documented in the past (see 
Warkentin 2011b). However, it is possible that C. hansenae eggs are 
responding to chemical cues through similar mechanisms as aquatic eggs. 
Chemicals released from broken eggs may remain on clutches and be detected 
by remaining eggs over time. Given that eggs are at an early developmental 
stage when young egg treatments started, it is possible that cue detection 
happens at a later point, when eggs have developed the sensory systems 
required. As in the case of hatching plasticity in aquatic eggs, cues from 
injured conspecifics could signal a less desirable environment to remaining 
eggs. Since katydid predation of C. hansenae clutches can be split into 
multiple events spread out over time, accelerating hatching of remaining eggs 
in response to perceived threats can be adaptive and reduce subsequent 
mortality. The use of chemical cues in terrestrial or arboreal eggs, however, 
requires more detailed studies. Specifically, studies are needed to examine 
embryonic response to different types of chemical cues (ex. predator and 
conspecific cues) and the mechanisms of cue detection.  
Another possible reason for accelerated hatching in simulated 
predation treatments is reduction in physical integrity of clutches after the loss 
of some eggs. In species with individual eggs that can hatch separately, eggs 
that detect cues can hatch while others continue to develop in egg capsules. 
The natural hatching process of C. hansenae, however, starts with the entire 
gelatinous clutch detaching from its substrate and falling into the water as a 
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whole. Individual embryos then break out of their egg capsules after the clutch 
is submerged in water. As a result of partial clutch predation, it is possible that 
loss of eggs within the clutch affects its adhesive properties, causing it to 
detach from its substrate and drop into the water at an earlier time. In this case, 
accelerated hatching may be an indirect result of predation, with eggs hatching 
in response to flooding once clutches drop into the water.  
In amphibians with egg-stage parental care, parents can affect 
embryonic development (Forester 1979, Simon 1983), hatching time (Buckley 
et al. 2005, Delia et al. 2014), and facilitate or elicit hatching responses 
directly (Brown et al. 2008, Brown et al. 2010). As such, it is possible that 
parental care can have additive, antagonistic, or synergistic effects with other 
environmental hatching cues. However, attending parents in C. hansenae did 
not appear to play an active role in hatching and can be absent from clutches 
when hatching occurs. As shown in Chapter 2, absence of attending female 
frogs, and consequently elimination of parental care, results in complete clutch 
mortality. Therefore, though duration of egg attendance was not correlated 
with hatching, parental behavior may still have indirect effects on embryonic 
behavior by maintaining hydration needed for embryonic development.    
This study establishes the presence of accelerated hatching by young 
eggs due to simulated predator cues. However, I can only propose possible 
mechanisms of cue types and cue detection in eggs. Further studies targeting 
specific cues are required to determine the particular mechanism of this 
behavioral adaptation in C. hansenae. As in the present study, predation and 
mortality of eggs in natural settings are accompanied by both chemical cues 
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and structural damage. Therefore, either factor, or a combination of both, can 
be responsible for the accelerated hatching observed.  
Rapid response hatching by older eggs  
 Katydid predation on eggs at a later stage of embryonic development 
resulted in accelerated hatching in all experimental clutches. Old eggs were 
able to respond relatively quickly to predation cues by hatching and escaping 
into an aquatic environment. This rapid hatching response is unlikely to be due 
to temporary removal of adult frogs in experimental clutches, as frogs are 
known to leave clutches for much longer stretches of time to increase their 
own hydration. Difference in hatching time between control and experimental 
treatments is within the range of previous reports of predator-cued hatching 
for amphibian eggs (Warkentin 2011b). However, since all experimental 
clutches were able to hatch in response to predation, it is reasonable to assume 
that eggs had reached hatching competency at an earlier point. Therefore, the 
start of the plastic hatching period in C. hansenae may be earlier than what I 
observed.  
Predation in one section of the clutch may signal mortality risks to 
remaining eggs through chemical or physical (vibrational) cues. Of these, 
physical cues are likely to have a faster transmission speed than chemical cues 
and may be responsible for the acute hatching responses observed. In the red-
eyed treefrog (Agalychnis callidryas), a Neotropical treefrog that also lays 
arboreal gelatinous clutches, eggs use vibrational cues to detect predator 
attacks and are able to hatch almost immediately in response (Warkentin 
2005). Playbacks of vibration showed hatching response in the red-eyed 
treefrog is signal-specific and based on vibrational characteristics of each type 
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of predator (Warkentin et al. 2006, Caldwell et al. 2010). It is possible that C. 
hansenae eggs are relying on similar cues from predators to decide on an 
optimal hatching time. Alternatively, since hatching in C. hansenae can occur 
more than 30 minutes after predators have left clutches, turning movements 
from eggs that are hatching may play a significant role in transmitting 
hatching cues to those remaining. Vibrations from neighboring eggs are 
known to induce early and synchronized hatching in the pig-nosed turtle 
(Carettochelys insculpta), potentially reducing mortality due to hatching 
latency when clutches are flooded (Doody et al. 2012). These hatching cues 
and conditions are similar to that of C. hansenae, since normal hatching occurs 
after clutches are submerged in water. Therefore, it is possible that C. 
hansenae eggs have a similar strategy and are hatching in response to sibling 
vibration. Due to rapid pond level rises during the rainy season, flooding is the 
second major source of egg mortality (Chapter 2; Poo and Bickford 2013). 
Although flood-induced hatching has yet to be examined in this species, it is 
possible that sibling vibration is one of the hatching cues eggs rely on. Again, 
further studies are needed to elucidate mechanisms of immediate hatching 
responses in C. hansenae. However, response of eggs to katydid predation is a 
clear indication that hatching time is indeed a plastic event for this species and 
mature eggs can respond to acute signals by escaping into the next life stage. 
 
Potential effects of early hatching  
Beyond the costs and benefits in the current life stage, plasticity in 
hatching time can have carryover effects on an individual’s survival in the 
next life stage. Regardless of the cause of accelerated hatching, C. hansenae 
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tadpoles that hatched prematurely may have different developmental and 
behavior characteristics compared to normal hatchlings. Exposure to predators 
during the embryonic period can affect larvae and adults in various taxa, such 
as invertebrates, fish, and amphibians (Mathis et al. 2008, Ferrari and Chivers 
2010, Jozet-Alves and Hebert 2013, Nelson et al. 2013). Effects can be highly 
variable even within the same taxa (e.g., Warkentin 1995, 1999, Buckley et al. 
2005, Vonesh and Bolker 2005, Capellán and Nicieza 2007). For example, 
early hatching in amphibians can affect size (Sih and Moore 1993, Johnson et 
al. 2003), morphology (Capellán and Nicieza 2007), and behavior of tadpoles 
(Vonesh and Bolker 2005). These effects depend on the post-hatching 
environment and can carry-over into subsequent life stages (Touchon et al. 
2013). Benefits of early hatching (i.e. avoiding egg mortality) comes at a cost 
of longer vulnerable larval-stage development (Gibbons and George 2013) and 
higher larval mortality (Willink et al. 2014). Consequently, studies have 
increasingly shown the importance of placing trade-offs of hatching plasticity 
in a larger environmental context once its existence has been established. 
Presence of accelerated hatching in C. hansenae suggests an evolutionary 
advantage of maintaining a longer embryonic period, but the ability to reduce 
egg mortality by hatching early if needed. Given its potential complexity and 
context-dependent nature, trade-offs and effects of early hatching in C. 
hansenae require further examination before assumptions can be made on its 





This study confirms accelerated hatching in response to predation cues 
at two distinct developmental stages in an arboreal-breeding rhacophorid frog. 
I present experimental evidence of environmentally-cued hatching in an 
amphibian family in which this behavior had been previously undocumented, 
supporting previous suggestions of prevalence of hatching plasticity. 
Discoveries of hatching in response to predator cues suggest further studies on 
C. hansenae eggs may lead to improved understanding of mechanisms of cue 
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Figure 4.1. Predation of a Chiromantis hansenae egg clutch by an 




























Figure 4.2. Experimental design for predator-cued hatching in Chiromantis 
hansenae. (A) Young egg experiment with clutches with and without 
simulated katydid predation and non-consumptive predator treatments. 
Clutches with simulated predation are illustrated with half-spheres while 
undisturbed control clutches are whole-spheres. Dotted line indicates mesh 
divider in tank, with predator (adult katydid, Hexacentrus cf. unicolor) on 
the non-clutch side of aquarium. (B) Old egg experiment with and without 
direct katydid predation treatments. In control clutches, C. hansenae adults 
are allowed to remain with clutches to avoid interruption of parental care, 
while in experimental clutches adults are removed to avoid frog mortality 
from katydids and ensure katydid predation efforts are focused on clutches. 
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Figure 4.3. Probability density curves of duration of Chiromantis hansenae 
embryonic period (i.e. hatching time) in response to predation cues in (A) 





  AIC df t p value 
Model 1 360.96   
SP 1 1.45 0.155 
NP 1 -0.10 0.923 
SVL 1 -0.75 0.461 
EA 1 1.67 0.103 
SPxNP 1 0.46 0.652 
  
Model 2 359.20   
SP 1 2.42 0.020 
NP 1 0.31 0.761 
SVL 1 -0.77 0.445 
EA 1 1.82 0.076 
  
Model 3 357.30   
SP 1 2.46 0.018 
SVL 1 -0.74 0.466 
EA 1 1.85 0.072 
  
Model 4 355.88   
SP 1 2.43 0.020 
EA 1 1.82 0.076 
  
Model 5 357.19 a   
SP   1 2.57 0.014 
SP = Simulated Predation 
NP = Non-consumptive Predator  
SVL = Female frog SVL 
EA = Egg Attendance 
a AIC in model 4 and model 5 is <2 and no 
significant difference was found between 
models using F test. Therefore, the model with 
fewer factors was selected as the final model. 
 
 
Table 4.1. GLM Models for factors associated with Chiromantis hansenae 
hatching time in young egg experiment. Akaike information criteria (AIC) 
used for stepwise model simplification. Statistical significance is noted in bold. 











  AIC df t  p value 
Model 1 153.26
KP 1 -10.26 <0.001
SVL 1 0.53 0.605
Model 2 151.54
KP   1 -10.41 <0.001
KP = Katydid Predation 
SVL = Female frog SVL 
 
Table 4.2. GLM Models for factors associated with Chiromantis hansenae 
hatching time in old egg experiment. Akaike information criteria (AIC) used 
for stepwise model simplification. Statistical significance is noted in bold. N = 





CONCLUSIONS AND FUTURE DIRECTIONS 
 
Synthesis of current findings in the field of parental care 
Caring for offspring is a strategy to maximize one’s fitness by 
increasing reproductive success. Forms and functions of parental care are 
diverse, widespread, and intricately related to other aspects of reproductive 
ecology and life history (Clutton-Brock 1991). Accordingly, understanding of 
parental care can provide important insights into the evolution of sexual 
selection, mating systems, and reproductive modes (Royle et al. 2012).  
Evolution of parental care has been related to four major factors: high 
levels of predation, limited food resources, harsh environments, and structured 
habitats (Wilson 1975). For example, in arboreal-breeding frogs parental care 
is mainly driven by harsh environmental conditions (Bickford 2004, Delia et al. 
2013, Poo and Bickford 2013) whereas predation is considered the main driver 
for parental care in terrestrial-breeding frogs (McDiarmid 1978, Bickford 
2004). The factors associated with parental care are not always straightforward, 
however, and more than one factor can be associated with parental care in a 
species or lineage, such as in the case of seasonal influences of predation and 
desiccation of eggs in the Eastern Glassfrog (Hyalinobatrachium orientale) 
(Lehtinen et al. 2014). 
Theories of parental care rely on empirical studies of its costs and 
benefits, its correlations with specific environmental and life-history 
characteristics, and the ecological drivers that lead to its evolution. However, 
in understudied taxa, increases in fitness as a result of parental behavior are 
 80 
 
often assumed and correlations or causal relationships between parental 
behavior and other factors unsubstantiated (Woodruff 1977, Carreño and 
Harris 1998).The gap between observations and analyses is one of the critical 
weaknesses in the study of parental care, as it limits our understanding of 
parental behaviors and the explanatory power of existing theories.  
 
Synthesis of dissertation  
In this dissertation, observational and experimental studies, in both 
field and laboratory settings, were used to understand parental care. Focusing 
on the behavior of C. hansenae, I presented the first in-depth examination of 
parental care in a Southeast Asian amphibian. I showed that (1) parental 
behavior in C. hansenae is positively correlated with offspring survival and 
primarily driven by harsh environmental conditions for offspring, (2) parental 
investment in anti-predator defense is positively corrected with predator threat 
and is not affected by offspring age, and (3) eggs have the ability to hatch 
prematurely, a behavior triggered by predation and not correlated with the 
duration of parental care.   
I quantified benefits of parental behavior to offspring fitness by 
observing egg mortality and parental egg attendance frequency and by 
conducting adult-removal experiments in the field (Chapter 2). Egg clutches 
were attended by female frogs and were subjected to a number of mortality 
risks, including predation, desiccation, and flooding. Parental care was clearly 
the main factor in determining offspring survival and was primarily driven by 
high risks of desiccation in arboreal anamniotic eggs. In addition to 
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maintaining egg hydration, female frogs increased offspring survivorship by 
defending eggs against predators. 
I tested predictions of parental investment theories using anti-predator 
behavior of C. hansenae against an invertebrate predator, H. cf. unicolor 
(Chapter 3). Female frogs guarding clutches exhibited more anti-predator 
behavior when faced with larger predators, even though parents are predicted 
to decrease investment in offspring with increased personal predation risks in 
order to insure future reproduction. Parental investment, moreover, was not 
affected by offspring age, despite higher reproductive value or lower 
vulnerability associated with older eggs. As opposed to female frogs, which 
actively charged and deterred predators, male frogs, which do not exhibit 
parental care, avoided predators and did not differentiate their behavior in 
response to variations in predation risks.   
Finally, I examined hatching plasticity of eggs and the relationship 
between parental care and hatching time (Chapter 4). I found both young and 
old eggs accelerated hatching time in response to predation cues. Young eggs, 
which were not capable of hatching, remained in egg capsules and continued 
to develop after predation cues were introduced, but hatched earlier compared 
to controls. Old eggs exposed to predation cues also hatched earlier compared 
to controls. However, since old eggs were capable of hatching, response to 
predation cues was more immediate and embryos were able to avoid predation 




Contributions of dissertation to study of parental care 
My results highlight the importance of examining parental care in 
underrepresented taxa and geographical regions. It is a pioneering study of 
amphibian parental care in the region and quantifies novel behavior by parents 
and offspring in relation to the cost and benefits of parental care. These 
findings serve as a valuable point of comparison to the growing body of 
literature on amphibian parental care in other taxa and regions (e.g., Delia et al. 
2014, Lehtinen et al. 2014).  
The primary driver of parental care in C. hansenae was harsh offspring 
environments, which is similar to other arboreal-breeding frogs, such as 
microhylid frogs in Papua New Guinea and glassfrogs in the Neotropics 
(Bickford 2004, Delia et al. 2013). Closer investigation of factors associated 
with parental care, however, revealed trends that are contrary to predictions by 
parental investment theories. These exceptions are valuable to researchers 
interested in studying reproductive patterns across a wide diversity of taxa 
(Lombardi 1998). Furthermore, it allows for a better understanding of 
evolutionary drivers that might be taxa-specific. In amphibians, correlations 
between environmental factors, life-history characteristics, and the level of 
parental investment are proposed but rarely tested (Woodruff 1977, Carreño 
and Harris 1998, Lehtinen et al. 2014), leaving a gap between observations, 
analyses, and theories. Therefore, empirical studies, such as those presented in 
this dissertation, are needed to bridge the gap by providing data from direct 
observations and controlled experiments to establish the presence of parental 
care and assess factors associated with or affected by parental investment.    
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This study is the first to use anti-predator behavior to experimentally 
demonstrate a correlation between life-history characteristics and parental care 
in an amphibian. Furthermore, ability to respond to varying risk levels was 
sex-specific and only present in females that provide parental care, suggesting 
a link in the evolution of anti-predator and parental care behaviors. Anti-
predator behavior by C. hansenae during egg attendance is the first evidence 
of parental defense in a rhacophorid species. Though anti-predator behavior 
has long been used to test theories of parental investment in birds (e.g., 
Brunton 1990, Hatch 1997, Ghalambor and Martin 2000, Redmond et al. 2009, 
Colombelli-Negrel et al. 2010, Ellis-Felege et al. 2013, Fernandez and 
Llambias 2013, Ghalambor et al. 2013, Mutzel et al. 2013) and to some extent 
in fishes (Coleman et al. 1985, Gravel and Cooke 2009, Jarvi-Laturi et al. 
2011, Schadelin et al. 2012), such experimental manipulations have rarely 
been employed in amphibians. To date, there have been few reports and little 
quantification of parental defense in amphibians (e.g., Forester 1983, Cook et 
al. 2001, Briggler and Puckette 2003, Wickramasinghe et al. 2004). The use of 
C. hansenae as a model system opens the possibilities of testing effects of 
specific factors on parental investment levels, which will in turn increase our 
overall understanding of parental care and potential parent-offspring conflict 
in amphibians.    
Finally, discovery of hatching plasticity in C. hansenae in this study 
contributes to the growing evidence of environmentally-cued hatching across 
taxa (Warkentin 2011a, Armstrong et al. 2013). My study illustrates the ability 
of C. hansenae embryos at two distinct developmental stages to hatch early in 
response to predation cues, and suggests that young and old embryos may 
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have different mechanisms of cue detection. Though duration of egg 
attendance was not correlated with hatching time, female frogs provide 
hydration that is required for embryonic development. As such, parental care 
in this species may have an indirect role in hatching plasticity. Presence of 
hatching plasticity in C. hansenae forms the basis for more detailed 
examination of the intricate relationship between parental care and hatching 
plasticity.  
Collectively, my work advances our understanding of parental care in 
amphibians by empirically demonstrating its adaptive significance, its effects 
on offspring hatching behavior and survivorship, and its relationships with 
specific environmental and life-history characteristics. In addition, it provides 
the basis for future studies on reproductive and behavioral ecology. 
 
Future directions  
A potential continuation and expansion of this study is to place 
findings from C. hansenae in a phylogenetic context and examine the 
evolution of diverse reproductive strategies in the Rhacophoridae treefrog 
family. Phylogenetic comparisons can provide information on both patterns 
and processes of the evolution of parental care (Lehtinen and Nussbaum 2003). 
Though studies have been conducted on a few amphibian families (Lehtinen 
and Nussbaum 2003), such comparisons are still relatively rare and limited by 
lack of data on phylogeny, reproductive behavior, or both. Using information 
from recent studies on Rhacophoridae phylogeny (Li et al. 2008), reproductive 
modes (Li et al. 2009), life-history characteristic, and parental behavior as a 
basis, studies can proceed to compare trade-offs of various reproductive 
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strategies in an ecological context. Within the Rhacophoridae family, species 
breeding in similar environments may have developed divergent strategies in 
response to the same drivers of evolution. For example, while C. hansenae 
invests energy in post-zygotic care of eggs to decrease risks of desiccation, 
other species, such as those in the genera Rhacophorus and Polypedates, and 
even other Chiromantis species, invest energy in the pre-zygotic construction 
of foam nests (Wager 1965, Seymour and Loveridge 1994). Alternatively, 
investment in derived reproductive strategies, such as direct development and 
the absence of free-swimming tadpoles, may have other associated costs and 
benefits. As such, specific comparisons could be used to examine the 
evolution of parental care and its associations with the move towards higher 
terrestriality in different clades.   
Hatching plasticity in C. hansenae also suggests a number of 
promising directions for future research. In addition to predation, hatching in 
C. hansenae may be triggered by other environmental cues. For instance, 
flooding due to rapid pond level raises is a source of egg mortality in C. 
hansenae and observations of flooding events indicate eggs are capable of 
hatching early in response to submergence. Ability to alter hatching time in 
response to multiple environmental cues has been shown in a number of 
amphibians (Warkentin 2011b). However, currently little is known about the 
interplay between parental care and hatching plasticity, or the presence of 
hatching plasticity in other Southeast Asian amphibians. Studying specific 
hatching cues in novel species will help elucidate mechanisms and potential 
ontogenetic variations in cue-detection. Moreover, assessments of fitness in 
subsequent life stages will increase our understanding of trade-offs of 
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environmentally-cued hatching in general (e.g., Vonesh 2005, Touchon et al. 
2013).  
In conclusion, my research on parental care demonstrates behavioral 
adaptations by both parents and offspring to reduce egg stage mortality. It 
supports overarching theories of parental care evolution, but provides 
unexpected trends of parental investment in relation to specific factors. Due to 
the difficulties of estimating costs of care to parents empirically (Smiseth et al. 
2012), there are still very few studies that provide data on fitness costs of 
parental care (e.g., Royle et al. 2002). Findings from this dissertation can lead 
to further investigations in the costs of egg attendance to residual reproductive 
output of parents and the mechanisms of hatching plasticity of eggs. Such 
studies would not only allow us to better understand the costs and benefits of 
parental investment, but also increase our ability to predict generalized trends. 
In turn, information on amphibian parental care could be used to generate 
quantitative hypotheses that can be tested in further research within and across 
taxa and to inform the development of evolutionary theories on parental 
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